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ABSTRACT
The Sickle Darter (Percina williamsi) is a rare and imperiled species that is
endemic to the upper Tennessee River basin. Over the last ~50 years it has
declined across much of its range, and as a result it has been petitioned for
federal listing under the Endangered species Act. This species has been
relatively understudied, and important questions remain to be addressed: 1.)
What is the current distribution of the Sickle darter and how has it varied
spatiotemporally? 2.) What is the ecological niche of the Sickle Darter? and 3.)
What is the movement capability of the Sickle Darter and what is its home range?
To address these questions, a total of 154 Sickle Darters were observed at 15
sites throughout the upper Tennessee River Basin. Sickle Darters were observed
in the Little River, Emory River, and Middle Fork Holston River sub-basins. A
total of 133 unique historical occurrences were used for the spatiotemporal
analyses. Sickle Darters have declined in 8 out of 10 historically occupied subbasins. Our best model for the whole distribution suggests that habitat
fragmentation (due to damming) and temperature (likely due to climate change)
have had adverse effects on Sickle Darter populations across this species’
distribution. The accuracy of the whole basin model was evaluated with 70% of
the testing area under the curve metric, which was high (0.85), and correctly
predicted the presences used to test the model. The most important variable
contributing to this model was stream order (48.2%). The ecological niche
models varied from the whole basin to the sub-basin scale in terms of their
accuracy and variable importance, but they were similar in accurately predicting
the area of suitable habitat for the Sickle Darter. Best sub-sets regressions
modeling suggest that Sickle Darter movement is significantly related to
discharge (m3/sec) at multiple temporal levels. Home range for each individual
varied in size. Median home range size was 157.5 m2 and median degree of
overlap for estimated home range was 23.3 %. The data outlined in this study
provide information to inform conservations for this species to ensure that it is
preserved for future generations.
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INTRODUCTION
Concepts of Rarity and their Relevance to Southeastern Aquatic Fauna
In the southeastern region of the U.S., aquatic fauna, especially mussels
and fish, boast one of the highest species diversities compared to other faunal
groups in the temperate, forested biome (Herig and Shute 2002). Many of these
species can be classified as rare, but what makes them rare? Rabinowitz (1981)
developed a standard classification of rarity, with seven categories of rarity. Many
fishes and mussels have small, non-dominant populations, and either a wide or
narrow geographic range (Ranibowitz 1981). This means that population
densities of these fish and mussel species are constantly sparse (i.e., low
population densities) and many are geographically restricted to only a few
habitats or very specific habitat types (Ranibowitz 1981). Many of these species
have evolved and/or adapted to live in narrow habitat niches within a vast array
of other environmental characteristics. Subsequently, these species are
intolerant of immense variation in their aquatic environment, unlike other more
common species that can tolerate a wide range of environmental characteristics,
like variability in flow thermal regime, sediment yields, or chemical effluents
(Rabinowitz 1981; Townsend 1989; Ward 1998).
One example of a rare aquatic species that occurs in the upper
Tennessee River basin (UTRB) is the Sickle Darter Percina williamsi (Page and
Near 2007), formerly known as the Longhead Darter P. macrocephala, until
extensive morphological and genetic analyses warranted separation of the two
species. The Sickle Darter is endemic to the UTRB of North Carolina,
Tennessee, and Virginia (Page and Near 2007; Jett 2010). It was once thought to
be widespread throughout the UTRB, but now it may only occur in the upper
Clinch River drainage in Tennessee and Virginia, upper North Fork Holston River
drainage in Virginia, the Emory River drainage in Tennessee, and the Little River
drainage in Tennessee (Page and Near 2007). It is considered extirpated from its
historic localities in North Carolina. This species can be considered rare by
classifications of Rabinowitz (1981) due to it inhabiting specific habitat types
(sparsely available habitat) within a range of other available environmental
characteristics. Unlike most darters (Family Percidae) that are benthic, this
species is semi-pelagic and has a fusiform body, where it can be found
swimming in the water column of medium-sized creeks and small rivers, almost
entirely in pool habitats adjacent to flow and over substrates consisting of rocky,
sandy, or silty substrates (Page and Near 2007). It is strongly associated with
woody debris and aquatic vegetative cover, such as Water Willow Justicia
americana (Page and Near 2007). The life history and ecology of the species has
been relatively understudied, such that it is presumed to have the same
spawning requirements, demographics, habitat use, diet, and dispersal as that of
its sister species, the Longhead Darter P. macrocephala (Page and Near 2007;
Jett 2010). The current conservation status of the Sickle Darter is as a species of
greatest conservation concern (SGCN) and threatened in Tennessee and
Virginia, extirpated in North Carolina, vulnerable by the International Union for
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Conservation of Nature (IUCN), and it is currently being petitioned by the Center
for Biological Diversity to be listed as threatened/endangered by the U.S. Fish
and Wildlife Service (USFWS 2011; Burns et al. 2012; NatureServe 2013;
Angermeier and Pinder 2015; TWRA 2015, VDWR 2015; Tracy 2020). This
species is in need of attention to understand its actual distribution, how it moves
within and among its habitats, and how habitat and environmental variability
determine where this species can occur throughout its range. Potentially, the
damming of aquatic systems has resulted in fragmented populations and stymied
the dispersal of this species, which in turn may have contributed to its decline.
Management of Rare Aquatic Faunal Groups
Conservation actions are integral to the preservation of aquatic species. At
the federal level, rare species are first listed by the U.S. Fish and Wildlife Service
(USFWS) in accordance with the Endangered Species Act of 1973, where the
USFWS reviews petitions for federal listing of candidate species and determines
if the species should be designated as threatened or endangered with extinction
(United States 1973). The USFWS also develops species recovery plans and
may identify critical habitat for a listed species (United States 1973). Recovery
actions for aquatic species may include hatchery-rearing and stocking,
translocating individuals from healthy source populations, protecting critical
habitat, and/or restoring habitat. At the state level, states develop wildlife action
plans (WAPs) to identify species occurring in that respective state that are in
most need of conservation (TWRA 2015; VDWR 2015). State WAPs were first
developed in the early 2000s and must be approved by the USFWS, and they
are updated every 10 years (2005 and 2015 edition of the Tennessee Wildlife
Action Plan). The purpose of these WAPs is for states to identify reasons why
species are declining and determine what conservation measures should be
made to help preserve and restore these species (TWRA 2015; VDWR 2015).
Species listed as threatened or endangered at the state level are protected under
state laws, even if they are not listed as threatened or endangered at the federal
level. State natural resource agencies, such the Tennessee Wildlife Resources
Agency (TWRA) and Virginia Department of Wildlife Resources (VDWR),
develop regulations that prevent the harvest or other “take” of rare and nongame
aquatic species (e.g., via toxic spills or habitat destruction), including the Sickle
Darter where the species occurs in these states. Many other common aquatic
species are sometimes used as bait for sportfish angling, and these regulations
prevent the removal of rare aquatic species for that purpose. State natural
resource agencies also initiate species recovery programs, through species reintroductions, species translocations, and propagating species for stocking
(personal communication, Tim Lane, and Mike Pinder, VDWR).
Ecological Niche Models and Their Utility in Conservation
Ecological niche modeling is an innovative way to predict species
distributions based on a species’ occurrence data and measured
environmental/habitat characteristics (Soberón and Peterson 2005; Elith and
Leathwick 2009). A species’ ecological niche is an extension of the Hutchinson’s
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n-dimensional hypervolume (Hutchinson 1978). Making the ecological niche the
actual or realized portion of the niche in which a species occurs or may be able
inhabit, in space and time, when taking into account competition and predation
on a species’ fitness (Hutchinson 1978; Soberón and Peterson 2005; Colwell and
Rangel 2009; Elith and Leathwick 2009). The advantages of ecological niche
modeling are that it works well with rare species (e.g., does not require a lot of
presences), and ecological niche models also allow for further analyses beyond
just single species ecological niche models. Additional analyses may include
ecological niche overlap and interspecific similarity estimation, as well as
predicting ecological niche models of species (Soberón and Peterson 2005;
Colwell and Rangel 2009; Elith and Leathwick 2009).
Rare Species Movement
Movement of rare species is widely unknown, especially in aquatic fauna
like mussels and fish (Holden 1978; Rodriguez 2002). Movement of large-bodied
sportfish, like many salmonids, has been widely documented on multiple scales
(Holden 1978; Rodriguez 2002). Rare species movement can be assessed on
multiple scales, such as within-habitat movement, within-reach movement, and
then from system-to-system movement (one tributary to another). There are
multiple reasons why species move, such as seasonal movement for spawning
purposes, short-term movement (e.g., movement to a thermal refugium in the
summertime), or movement to another reach in response to a habitat disturbance
or loss of resources (e.g., food). Understanding the movement of rare species
can aid in the monitoring of a species, observations of a rare species’ response
to environmental change (a period of rain causing high flow, movement to shelter
to evade high flows), and understanding how a species utilizes the areas within a
habitat (Holden 1978; Rodriguez 2002).
Telemetry Applications in Fish
Telemetry is relatively new in its application to small-bodied stream fish (≤
150 mm total length). Recent advancements in the size and design of telemetry
technology have made this possible for use with small-bodied stream fish.
Passive Integrated Transponder (PIT) tags are generally used to track all kinds of
fishes from a variety of environments. Recent telemetry studies (e.g., Baker et al.
2017; Allan et al. 2018; Pennock et al. 2018) have utilized PIT tags inserted in
small-bodied stream fishes. These researchers have outlined methods to track
the movement of individuals on a large and small scale, and they have observed
movement of individuals across multiple habitat types within a stream.
Research Goals and Questions
Many aquatic species, particularly mussels and fishes, are declining at
alarming rates. Monitoring their conservation status, understanding their
available habitat and how they move within and among these habitats is crucial
to conceptualizing how to conserve these species. The goal of my research is to
use current, standard methodologies in aquatic science to model the dynamics of
species declines, model rare species distribution, and estimate dispersal
capability for the Sickle Darter. This goal will be accomplished by answering 3
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research questions: 1.) What is the current distribution of the Sickle darter and
how has it varied spatiotemporally? 2.) What is the ecological niche of the Sickle
Darter and how does it vary spatially? and 3.) What is the dispersal capability of
the Sickle Darter?
Management Implications
The results of this study can be used by state and federal agencies that
can be used for making adaptive management decisions to preserve the Sickle
Darter in the UTRB. Results will provide insight on how the distribution of this
species has varied spatially and temporally. Understanding the changes in the
distribution of this species will allow fisheries managers to identify areas where
this species has potentially declined and determine the factors associated with
the potential decline. Ecological niche modeling can be used by regulatory
agencies to predict suitable habitat for this rare species that can inform future
monitoring and management of this species. Knowledge on the movement and
home range of this species will aid the understanding of how this species moves
within a habitat and how large of an area an individual occupies. This information
can be used to determine how environmental factors on large and small scales
may impact an individual’s ability to disperse, as well as how changes in habitat
may impact an individual’s home range. Results of my research will be beneficial
to aquatic resource managers, biologists, and researchers when they determine
the conservation actions that should be taken to preserve the rare Sickle Darter.
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CHAPTER I
SPATIOTEMPORAL ASSESSMENT OF SICKLE DARTER
(PERCINA WILLIAMSI) DISTRIBUTION IN THE UPPER
TENNESSEE RIVER BASIN
.
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The following chapter is formatted to the specific author guidelines for the Journal
of Applied Ichthyology by myself and my adviser J. Brian Alford:
Hecke, K.B. and Alford, J.B. 2021 Spatiotemporal Assessment of Sickle
Darter (Percina williamsi Page and Near, 2007) Distribution in the Upper
Tennessee River Basin. Journal of Applied Ichthyology.

Abstract
The Sickle Darter Percina williamsi (Page and Near, 2007) is a species of
fish endemic to the upper Tennessee River basin in eastern Tennessee,
southwestern Virginia, and western North Carolina. Because of its narrow range
and presumed decline in occupied sites over the last half century, it is being
proposed for federal listing under the U.S. Endangered Species Act. We
analyzed the current distribution of the Sickle Darter and temporal trends in its
distribution in relation to temporal trends in environmental and habitat covariates
for each of the historically occupied sub-basins (upper Clinch, Emory, upper
French Broad, Little, Little Pigeon, Middle Fork Holston, North Fork Holston,
Powell, South Fork Holston, and Watauga) with multiple linear regression
modeling. A total of 154 Sickle Darters were observed at 15 sites throughout the
upper Tennessee River Basin. Sickle Darters were observed in the Little River,
Emory River, and Middle Fork Holston River sub-basins. A total of 133 unique
historical occurrences were used for the spatiotemporal analyses. Sickle Darters
have declined in 8 out of 10 historically occupied sub-basins. Our best model for
the whole distribution (Mallow's Cp = 2.13; Adjusted R2 = 0.91) suggests that
habitat fragmentation (due to damming) and temperature (likely due to climate
change) have had adverse effects due to damming has had adverse effects on
Sickle Darter populations across its distribution. Models were very similar for the
sub-basin specific models as well. The results from this study highlight the
drivers of decline in Sickle Darter distribution and outline the future research
needs for this species that should be used to inform future conservation
decisions regarding this species.

Introduction
The Sickle Darter Percina williamsi (Page and Near, 2007) is a species
endemic to the upper Tennessee River basin (UTRB) of North Carolina,
Tennessee, and Virginia (Jett, 2010). It was once thought to be widespread
throughout the UTRB, but now it may only occur in the upper Clinch River and
North Fork Holston River sub-basins in Tennessee and Virginia, Middle Fork
Holston River sub-basin in Virginia, and the Emory River and Little River subbasins in Tennessee (Fig. 1.1; Page & Near, 2007). It is considered extirpated
from its historic localities in North Carolina. This species can be considered rare
following the classifications of Rabinowitz (classification D; 1981) because it
inhabits specific habitat types (sparsely available habitat) within a range of other
available environmental characteristics. Unlike most darters (Family Percidae)
that are benthic, this species is benthi-pelagic and has a fusiform body, where it

9

can be found swimming in the water column and benthic areas of low-gradient
medium-sized creeks and small rivers. Anecdotal observations suggest that
within these systems the species occurs almost entirely in pool habitats adjacent
to flow > 10 cm/s, and it is commonly found in or near woody debris piles or
aquatic vegetation over a mix of cobble, gravel, sand, and silt substrates (Page &
Near, 2007).
The spatiotemporal distribution of the species has been understudied, but
it is presumed to have declined across much of its historical range (Page & Near,
2007; USFWS, 2011). However, causes of decline are currently unknown, but
are speculated to be habitat degradation and fragmentation due to damming
across the UTRB (USFWS, 2011). This uncertainty brings into question the
species’ conservation status on state and federal levels (USFWS, 2011; TWRA,
2015; VDWR, 2015). The current conservation status of the Sickle Darter is a
species of greatest conservation concern (GCN) and threatened in Tennessee
and Virginia, extirpated in North Carolina, vulnerable by the International Union
for Conservation of Nature (IUCN), threatened by the American Fisheries Society
(AFS), and it is currently proposed to be listed as threatened by the U.S. Fish
and Wildlife Service (USFWS) under the Endangered Species Act (Jelks et al.,
2008; USFWS, 2011; Burns et al., 2012; NatureServe, 2013; Angermeier &
Pinder, 2015; TWRA, 2015; VDWR, 2015; Tracy et al., 2020). State listings are
due to the species’ endemism and habitat specialization in Tennessee and
Virginia (TWRA, 2015; VDWR, 2015). While the spatiotemporal trends of Sickle
Darter distribution are widely unknown, more information is available on
spatiotemporal changes in the UTRB (Hampson et al., 2000; USFWS, 2014).
The UTRB has undergone immense physicochemical and hydrological
changes in the last ~150 years (Hampson et al., 2000; USFWS, 2014). With the
creation of Tennessee Valley Authority (TVA) in 1933, many streams and rivers
of the drainage were dammed for hydroelectric power (Etnier & Starnes, 1993;
Jenkins & Burkhead, 1994; Hampson et al., 2000). With 50 dams having been
constructed in the UTRB drainage (not including mill dams; Hampson et al.,
2000), aquatic habitats for aquatic fauna have become fragmented. Many of
these dams have caused system restarts in flow and temperature regime, as
predicted by the serial discontinuity concept of human-altered riverine
ecosystems (Ward & Stanford, 1983). Serial discontinuity is a problem for all fish
because each species requires a specific flow and temperature regime (Poff et
al., 1997.) There has been a vast increase in industrial/commercial land use in
this drainage in the past ~150 years, such as coal mining, silviculture, agriculture,
and urbanization (Hampson et al., 2000). Decades of land cover change has
impaired water quality, aquatic habitat suitability, and ecosystem function in the
UTRB (Hampson et al., 2000; Diamond et al.,2002). Cumulatively, these
landscape-level changes have led to the decline and imperilment of UTRB
aquatic fauna (USFWS, 2014; Elkins et al., 2016).
The UTRB boasts one of the highest aquatic faunal diversities of all river
systems in the North America (Hampson et al., 2000; Elkins et al., 2016). It is
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historically home to over 175 fish species, with 14 of these species being
endemic to the drainage, and 9 threatened and endangered fish species
(USFWS listing; Environmental Conservation Online System, Washington D.C.,
https://ecos.fws.gov/ecp/). There are 60 mussel species, with 5 of those being
endemic (USFWS 2014), 25 threatened and endangered mussel species in the
UTRB (Etnier & Starnes, 1993; Jenkins & Burkhead, 1994; Burns et al., 2012;
USFWS, 2014; TWRA, 2015; VDWR, 2015). Range contraction and population
declines of mussels and fish in the last 50 years and the main reasons for their
imperilment (Etnier & Starnes, 1993; Jenkins & Burkhead, 1994; Hampson et al.,
2000; Burns et al., 2012; USFWS, 2014). Causes for their decline include habitat
fragmentation from dams, poor water quality from non-point and point source
effluents, and the introduction of invasive species. (Etnier & Starnes, 1993;
Jenkins & Burkhead, 1994; Hampson et al., 2000; Burns et al., 2012; USFWS,
2014; Elkins et al., 2016)
A spatiotemporal assessment of Sickle Darter distribution is needed to
understand how the distribution of this species has changed within its historical
range in the UTRB and to ascertain likely causes of this species’ decline.
Furthermore, more information is needed at the sub-basin spatial scale to
understand why the Sickle Darter no longer occurs in some sub-basins within the
UTRB (Little Pigeon River sub-basin, for example) but persists in others.
Potentially, the damming of aquatic systems has resulted in fragmented
populations and prevented the dispersal of this species, which in turn may have
contributed to its decline. Deteriorating water quality and habitat degradation in
the UTRB have quite possibly added to the decline of this species. The goal of
our study was to assess the changes in distribution of this species and the
spatiotemporal relationships between Sickle Darter distribution and
environmental/habitat covariates. We achieved this goal by setting the following
objectives: 1) determine the current distribution of the Sickle Darter, 2) assess
the temporal changes in the distribution of the Sickle Darter on the whole-basin
scale (UTRB) and the sub-basin scale, and 3) explore the factors influencing
changes in the distribution of the Sickle Darter across both spatial scales. The
data presented in this study will aid our understanding of why the Sickle Darter
has experienced changes it its distribution across two scales and help inform
managers where this species needs conservation measures to help preserve it
for the future.

Methods
Study Area
The UTRB originates as a predominantly spring-fed system in the
southern portion of the Appalachian Mountains (Fig. 1.1). It flows through four
different Level-III ecoregions: the Blue Ridge Mountains, the Ridge and Valley,
the Southwestern Appalachians, and the Central Appalachians (Omernik, 1997).
This basin drains an area of 4.5 million hectares (Hampson et al., 2000). It
consists of 6 major hydrologic units: Watts Barr Lake, the Little Tennessee River,
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the Hiwassee River, the Clinch River, the Holston River, and the French Broad
River (Hampson et al., 2000).
Site selection
Sickle Darter sample sites were selected from a pool of sites where the
species had been previously observed and a they potentially suitable sites that
have not been sampled prior to this study. A site consisted of a 100-m to 500-m
reach that included pool and riffle-run macrohabitats. Contemporary sites for this
study were sampled in the upper Clinch River, Emory River, French Broad River,
Little Pigeon River, Little River, Middle Fork Holston River, North Fork Holston
River, Powell River, South Fork Holston River, and Watauga River sub-basins.
Sickle Darter Surveys
Sickle Darters were sampled by the authors during late spring to fall
months during 2017-2019 using multiple gears that are standard for sampling
fishes in wadeable warmwater-streams (Bonar et al., 2009; Weaver et al., 2014).
The gears selected for observing Sickle Darters were backpack electrofishing
with dip nets and/or seines, seine hauls, and snorkeling. Multiple gears were
employed to increase the probability of detecting Sickle Darters. At a site, we
deployed a 10-m x 1.5-m minnow seine, with 6-mm nylon mesh, and pools were
sampled with seine hauls, using a 15-m x 1.5-m minnow seine, with 6-mm nylon
mesh. Backpack electrofishing was conducted using a Smith-Root® backpack
electrofishing unit on AC settings, and shocking took place within 10-40 Hz,
which is standard for percid fishes (Bonar et al., 2009). On some occasions, a
single-pass technique was used while sampling with a backpack electrofisher
and a dip netter (Meador et al., 2002). Snorkel surveys were done with two or
more snorkelers and covered the entire reach of a site (Davis et al., 2011;
Weaver et al., 2014). All habitats (e.g., riffles, runs, and pools) of a site that are
visible were snorkeled. All fish captured or observed while sampling were
identified to the species level. Fish captured by seining and electrofishing were
identified and released immediately after capture. A subsample of Sickle Darters
(n=18) were sacrificed in an overdose of MS-222, fixed in 10% buffered formalin,
and later preserved in 70% ethanol for other analyses under approved scientific
collection permits from the States of Tennessee and Virginia.
Historical Occurrences
Historical occurrence data were gathered from a variety of sources. To
ensure we included every possible occurrence record for this species, we
performed a search for Longhead Darter (P. macrocephala Cope, 1867)
historical occurrence, because the Sickle Darter was “recently” split from that
species (Page and Near, 2007). We concluded that if a historical occurrence
record for the Longhead Darter occurred in the range of the Sickle Darter, then it
was an occurrence record for the Sickle Darter. Historical occurrence records
were obtained from the Global Biodiversity Information Network (GBIF, 2020),
Freshwater Information Network (FIN; TNACI, 2019), FishNet2 (2017), FishMap
(2020), Tennessee Wildlife Resources Agency (TWRA) fish sampling data base
(personal communication with TWRA Region 4 Fisheries Coordinator Bart

12

Carter), Virginia Department of Wildlife Resources (VDWR) fish sampling data
base (personal communication with VDWR Region 3 Aquatic Biologist Mike
Pinder) and with and Conservation Fisheries Inc. (CFI) snorkel-monitoring
database (personal communication with Senior Conservation Biologist Crystal
Ruble). Every acquired occurrence record was cross-referenced with repeating
occurrence points in multiple databases. Data associated with each occurrence
record generally consisted of date, sub-basin, gear type, geographic coordinates,
and geographic locality. Gear type used to sample Sickle Darters in each of
these databases varied. For example, TWRA sampling data used multiple
methods (seining, backpack electrofishing with seining, backpack electrofishing
with dip netters, etc.) and targeted the whole community, while VDWR used
backpack electrofishing with dip netters targeted to target game species, and CFI
sampling was by snorkel only. Museum data mostly consisted of seine haul
collections made by ichthyologists. Because of this disparity, we could not make
any population abundance estimates, but occurrence analyses (i.e., presenceabsence) are suitable for these data.
Environmental and Habitat Covariates
A large set of environmental and habitat covariates was considered for our
analyses. We selected available covariate data that covered the same period for
known Sickle Darter occurrences (1880-present). We selected the following
covariates to act as predictor variables for our models. Total human population
by county was considered a surrogate for anthropogenic disturbances such as
urban runoff and water quality impairment. Number of dams (hydropower and
low-head) was chosen as a surrogate for stream connectedness/fragmentation,
because dams block the dispersal of benthic fishes like darters, and
impoundments can negatively affect larval fish dispersal. Median annual
discharge (m3/sec), median spawning season discharge (m3/sec during February
to April), median total annual precipitation (cm), median total spawning season
precipitation (cm), median annual air temperature (֯C), and median spawning
season air temperature (֯C). These discharge and temperature covariates were
selected because of their potential impact on the life-history strategy of the Sickle
Darter (USFWS, 2014). Flow and temperature are major influences on stream
fish spawning success and recruitment (Townsend, 1989; Harvey et al., 2011).
Air temperature was used as a proxy for water temperature and has been found
to be a suitable variable to use in freshwater fisheries research (Arismendi et al.,
2014). The scale at which these variables have been previously used has varied
due to the scale of other studies (Freeman et al., 2001; Arismendi et al., 2014).
However, most studies have used median flow, and temperature estimates when
factoring in annual or time-series components in an analysis.
We gathered human population data from the U.S. Census Bureau (2018)
for counties that occurred within each sub-basin. We did not differentiate the
proportion of a county’s population that occurred in a sub-basin, as census tract
data by watershed data were incomplete or unavailable for the temporal period
and scale used in these analyses. Data for dams were gathered from the

13

National Inventory of Dams (NID) database (USACE, 2018). We only counted
dams that occurred on the main stem or major tributaries in each sub-basin, and
we included dams that had been removed. Dams not included in our data set
were those that impounded smaller tributaries, creating mostly farm ponds. This
resulted in ~75 lowhead dams being removed from the data set. No hydropower
dams were removed from the data set. Dams that had been removed were
added to a dataset until the time in which a particular dam had been removed.
This only consisted of 1 dam on the Middle Fork Holston River. Dams on the
main stem and major tributaries of sub-basin were used because this
encompassed the potential areas of occurrence for Sickle Darters. Associated
data included construction date, type of dam, and geographical location. We
sorted the NID data into three different groups: hydropower, low-head, and total
(hydropower + low-head). Discharge covariate data were gathered from U.S.
Geological Survey (USGS) gauges in each sub-basin. We selected the USGS
gauge in each sub-basin that offered the most complete data coverage for our
period (1880-2020; Table 1.1). We collected median annual discharge for each
year in each sub-basin and median spawning season discharge for each year in
each sub-basin. Median annual total precipitation and median annual air
temperature data were gathered from the proximal National Oceanic
Atmospheric Administration (NOAA) primary or secondary climatological data site
in each sub-basin (NOAA, 2020; Table 1.1). Precipitation and air temperature
data were also collected for each year in each sub-basin and median total
spawning season precipitation and median annual spawning season air
temperature for each year in each sub-basin. Air temperature was used because
water temperature data was only patchily available for our temporal period and
sub-basins. Harvey et al. (2011), provides justification for our use of air
temperature, by highlighting the importance of air temperature on water
temperature and other water quality parameters.
Data Organization
Sickle Darter occurrences were organized spatially by sub-basin and
temporally by decade (Emory River and 1990-1999 for example). Consequently,
we had 14 data points of Sickle Darter occurrence for each of the ten sub-basins.
Upper French Broad River and Powell River sub-basins were removed from
analyses because they lacked sufficient sampling data. Sickle Darter
occurrences were transformed into an estimation of distance of stream occupied
(km) for sub-basins by decade. Distance of stream occupied has been used in
ESA status assessments conducted on other darter species, such as Longhead
Darter (unpublished; personal communication, Mike Floyd USFWS). We
estimated these values by considering the most upstream and downstream
occurrence records, while also factoring in barriers, such as dams or natural
barriers. Once our upstream and downstream thresholds were estimated, we
estimated the distance (km) from the most downstream (potential) occurrencethreshold, to the most upstream occurrence-threshold. Stream measurements
were done in ArcMap (v.10.7; ESRI, 2018) using the measure tool. The benefits
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of this estimate are that one can account for all the potential distributions
(upstream and downstream) of a said species in a system, and allows to relate it
to natural and humanmade barriers. Some disadvantages of this estimate are
that it may overestimate the actual distribution of species in a system, and that it
does not factor in the species abundance or density of a species in a particular
system, like density or abundance estimates by site or reach would do. But
neither, distance of stream occupied or a density estimate, would be able to
predict the distribution of a said species in a system with 100% accuracy. To
discern changes in distribution for Sickle Darters across decades in a sub-basin,
we explored fish community sampling studies that were devoid of Sickle Darter
occurrences. For sub-basins that did not have sufficient temporal fish community
data, we considered the occurrence of Sickle Darters to be constant in these
sub-basins. For our whole-basin estimates, we summed the values of distance of
stream occupied across all sub-basins. We opted to aggregate all sub-basins into
a whole sub-basin estimate because even though some sub-basins may be
larger than others, occurrence of Sickle Darters may not be similar throughout
the sub-basin, which may make the data non-normal. To counteract this potential
effect of non-normal data, a box-cox logarithmic transformation was done to the
aggregated data, i.e. natural log of the distance of stream occupied.
Environmental and habitat covariate data were organized in a similar
manner to Sickle Darter occurrence data. For each environmental and habitat
covariate, we estimated the median and range for each sub-basin during each
decade. For the whole basin by decade estimate, we summed the county
population and number of dams by year. For the discharge covariates we used
two-types of data: (1) discharge covariates from a high impacted sub-basin with
many dams (multiple hydropower and mill dams) and (2) from a low impacted
sub-basin. We used estimates for our discharge covariates for a low-impacted
sub-basin from the Emory River, and we used South Fork Holston River
estimates of discharge covariates for a high-impacted sub-basin. This provided
us with a good representation of discharge covariates throughout the whole
basin. For ambient temperature and precipitation estimates, we estimated
median annual, spawning season air temperature, median total annual
precipitation, and median total spawning season precipitation for each sub-basin.
For our whole basin estimates, we used the median of all sub-basins for median
air temperature, median air spawning season temperature, median total annual
precipitation, and median total spawning season precipitation.
Data Analyses
Our spatiotemporal data were analyzed in multiple ways. Each sub-basin
or whole basin estimate of distance of stream occupied was assessed for
temporal trends. It was inferred that if there was a significant relationship, then
there has been a change (positive or negative) in the distance of stream
occupied for the Sickle Darter in a sub-basin. Temporal distribution of Sickle
Darters was analyzed by creating time-series maps in ArcMap to observe
temporal changes in distribution. We mapped occurrences and absences from
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the contemporary survey (2016-2019) for this species. For our temporal
observations, we generated 3 different maps of distribution for the whole-basin
scale. Each of the three maps consisted of different time periods: pre-damming
(prior to 1960), post damming (post 1960), and modern (2000-present). The year
cutoffs for these three periods were chosen to capture occurrences in the UTRB
associated with varying levels of stream connectivity. Our high connectivity
period included years before damming was completed by TVA (i.e., prior to
1960). The next period was selected to capture occurrences of Sickle Darters in
response to fragmented habitats due to damming by TVA (1960-2000). The last
period was selected to capture the modern occurrences of Sickle Darters in the
UTRB (2000-present) following the cessation of dam construction by TVA. To
avoid redundancy, we did not generate sub-basin specific maps since the
distribution data were already displayed in the whole-basin maps. We used
simple linear regressions to assess the relationship of time on distance of stream
occupied at each spatial level (basin and sub-basin). We only performed simple
linear regressions in each sub-basin using the decades that also included a
corresponding data point for the environmental covariates. For example, distance
of stream occupied was available for the Middle Fork Holston sub-basin from
1880-2010, but covariate data was only available for that sub-basin from 19202010; so simple linear regression was used with distance of stream occupied
from 1920-2010.
We modeled the distance of stream occupied by Sickle Darters on the
various temporal environmental and habitat covariates. We did this by creating
best-subsets multiple linear regression models following Zar (1999). We chose
best-subsets regression modeling because the predictor and response variables
consisted of continuous quantitative data. Mallow’s Cp and Adjusted R2 were
used to determine how well the models fit the data, to select models for further
interpretation with the best fit at each spatial scale. Further, we used corrected
Akaike information criterion (AICc) to select the number of models to interpret at
each spatial scale (whole basin and sub-basin). Corrected Akaike information
criterion was used to account for the small samples size used in our analyses. At
each spatial scale, the best 5 models with a ΔAICc ≥ 5 were retained for
interpretation (Akaike, 1973; Burnham & Anderson, 2004; Symonds & Moussalli,
2011; Liao et al., 2018). These analyses were done separately at the whole
basin scale and sub-basin scale. Only sub-basin models were performed when a
significant relationship was found between distance of stream occupied and time.
We used 11 environmental covariates as predictors in the models. Each
covariate was checked for normal distribution (at each spatial scale) using a
Shapiro-Wilk test and multicollinearity test, and spatial correlation effects were
tested among each covariate using a Pearson’s correlation coefficient. If a
covariate was strongly correlated with another covariate (r>0.65 or r<-0.65), then
the more ecologically relevant covariate was retained for use in the analyses.
The data used for each sub-basin model varied due to the availability and
completeness of temporal environmental and habitat covariate data in each sub-
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basin. Due to a lack of available occurrence data in the upper French Broad
River sub-basin and Powell River sub-basin (1 occurrence record in each subbasin), we did not perform sub-basin specific models for these two sub-basins,
but we included them in the whole basin model. All analyses were completed in
the software RStudio (2015). An alpha level of 0.05 was used for significance
testing in all analyses.

Results
From our contemporary survey, a total of 154 Sickle Darters were
observed at 15 out of 58 sites throughout the UTRB (Fig. 1.2). Sickle Darters
were observed in the Emory River (5 sites), Little River (8 sites), and Middle Fork
Holston River (2 sites) sub-basins. More Sickle Darters were observed in the
Emory River (83) and Little River (66) sub-basins than the Middle Fork Holston
River (5) sub-basin.
A total of 133 unique occurrences of Sickle Darters were compiled from a
search in historic occurrence-record databases. Sickle Darter distribution
appears to have declined throughout its range (Fig. 1.3). Sickle Darter
distribution seems to contract after the post-damming period (post-1960), and
even further into the modern period (2000-present). Distance of stream occupied
by Sickle Darters varied by sub-basin (Attachment 1.1; Att_1.xlsx). In some subbasins we estimated that distance of stream reach occupied was 0 m, suggesting
extirpation from a sub-basin.
The distance of stream occupied by Sickle Darters varied spatially across
sub-basins. There was a significant negative relationship of distance of stream
occupied over time in the Little Pigeon River (p-value= <0.01, R2= 0.-77), upper
Clinch River (p-value= <0.01, R2= -0.52), Middle Fork Holston River (p-value=
0.02, R2= 0.40), North Fork Holston River (p-value= <0.01, R2= 0.80), South Fork
Holston River (p-value=<0.01, R2=0.03), and Watauga River (p-value= <0.01,
R2= 0.82; (Attachment 1.1; Att_1.xlsx). There was also a significant negative
relationship of distance of stream occupied and time for the whole distribution of
the Sickle Darter (p-value= <0.01, R2= 0.93). There was no significant
relationship of distance of stream occupied and time in the Little River and Emory
River because values of distance of stream occupied were constant (Attachment
1.1; Att_1.xlsx). Consequently, Little River, Emory River, and Middle Fork
Holston sub-basin multiple regressions models were not attempted since there
was no significant temporal change in distance of stream occupied or the
available temporal period of covariates did not cover the entire period (Middle
Fork Holston River). Further, a South Fork Holston River sub-basin multiple
regression model was not attempted because of a lack of variation in model
covariates.
The environmental covariates varied temporally and by sub-basin.
Because there was some correlation among our covariates, only total dams were
used, and total hydropower dams and total low-head dams were removed from
consideration in our multiple regression models.
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The relationships between distance of stream-occupied and the
environmental covariates varied at each spatial scale and at each sub-basin. At
the whole basin scale, the 5 best model sub-sets included the covariates total
dams, air temperature, spawning season air temperature, and discharge
(Attachment 1.2; Att_2.xlsx). At the Little Pigeon River sub-basin scale, the 5
best model sub-sets included human population, discharge, spawning season
discharge, air temperature, and spawning season precipitation (Attachment 1.2;
Att_2.xlsx). At the North Fork Holston River sub-basin scale, the 5 best model
sub-sets included human population, discharge, air temperature, and spawning
season precipitation (Attachment 1.2; Att_2.xlsx). At the South Fork Holston
River sub-basin scale, the 4 best model sub-sets included total dams,
precipitation, discharge, and air temperature, (Attachment 1.2; Att_2.xlsx). At the
upper Clinch River sub-basin scale, the 5 best model sub-sets included human
population, total dams, discharge, and air temperature (Attachment 1.2;
Att_2.xlsx). At the Watauga River sub-basin scale, the 5 best model sub-sets
included total dams, spawning season precipitation, air temperature, and
spawning season discharge (Attachment 1.2; Att_2.xlsx). There was no
significant decline in distance in stream occupied in the Emory River sub-basin,
and Little River sub-basin. A best-subsets regression model was not run for the
Middle Fork Holston sub-basin because the environmental covariate data did not
cover the period of the distance of stream occupied estimate for the sub-basin.
The top model from each scale and response variable were retained for
interpretation because they met assumptions regarding least-squared regression
analyses (Table 1.2). At the whole basin scale, the number of total dams (t = 7.36; p-value= <0.01), and air temperature (t = -3.39; p-value= <0.01) were
negatively associated with distance of stream occupied and were statistically
significant. In the South Fork Holston sub-basin, total dam number had a slightly
positive association with distance of stream occupied, and this association was
significant (t = 0.01; p-value= <0.01). In the Watauga River sub-basin, the
number of total dams was significantly and negatively associated with distance of
stream occupied (t = -5.44; p-value = <0.01). Further interpretation was not
conducted for the top model in the Little Pigeon River sub-basin, North Fork
Holston sub-basin, and upper Clinch River sub-basin because the top model
from those sub-based did not contain variables with a variance inflation factor
(VIF) ˂4. (Table 1.2).
The relative accuracy of the sub-basin models was greater (Root MSE =
0.01 and 4.95 for both) than the whole basin model (Root MSE = 6.37).
Standardized Bi coefficients of environmental covariates suggested that, except
for the Little Pigeon River, North Fork Holston, upper Clinch sub-basins best
models, total dams had a stronger influence than other environmental covariates
such as discharge and air temperature (Table 1.2).
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Discussion
Our study is the first attempt to discern the current status and distribution
of the rare Sickle Darter. Anthropogenic, climatic, and hydrologic influences on
Sickle Darter occurrence at large spatial and temporal scales had not been
assed prior to this study (Page & Near, 2007; Jett, 2010). The occurrence of
Sickle Darters in the UTRB, particularly in certain sub-basins, has declined since
it was first documented (1860s). However, Sickle Darter occurrence have
remained steady in three of the sub-basins where they have historically been
observed: the Little River, Emory River, and Middle Fork Holston River subbasins. We were unable to detect any Sickle Darters in the upper Clinch River
sub-basin or in the North Fork Holston sub-basin, where they have been recently
observed (Etnier & Starnes, 1993; Page & Near, 2007). Some populations of
Sickle Darters may occur at such low abundance that they appear un-detectable.
Welsh (1992), Rosenberg et al. (1995), and Bayley & Peterson (2001) have
highlighted how species at low-abundance levels are harder to detect, no matter
the gear/effort/method used to observe them, which supports why we employed
multiple methods for detecting this species (snorkel surveys, seine hauls, and
standardized back-pack electrofishing with a seine). This also highlights the
cryptic nature of the Sickle Darter, since it has been observed scarcely from a
historical perspective (Etnier & Starnes, 1993; Page & Near, 2007). It is also
quite possible that Sickle Darters occupy dynamically available patches, but
when these patches are disconnected by press disturbances associated with
dams and their impoundments (Ward, 1983; Townsend, 1989), then populations
within these impacted patches become extirpated. Future research should
consider how elimination of habitat patches (i.e., sub-basins within the UTRB that
are dammed) prevents dispersal and recruitment. Likewise, research should be
conducted to understand if or how the removal of barriers such as dams may
increase populations throughout the UTRB.
The likely causes of Sickle Darter decline are variable depending upon
scale. However, Sickle Darter decline can be generally associated with habitat
fragmentation and habitat destruction due to damming across multiple spatial
scales (whole basin and sub-basin; Fig. 1.4). Habitat fragmentation has been
highlighted as one of the key factors influencing a species’ conservation status in
fishes (Wilcove et al. 1998; Nilsson & Berggren 2000; Allan 2004: USFWS
2014). While it is plausible that other factors may have influenced the temporal
distribution of the Sickle Darter, some of these other environmental factors may
have more of an impact at smaller spatial scales than what was explored in this
study, such as the stream reach or stream segment scale. Other variables not
assessed in this study that may also have a negative impact on the temporal
distribution of the Sickle Darter, such as water quality variables (water
temperature ֯C), and many other microhabitat factors, both of which, are hard to
quantify from a temporal perspective, because data for microhabitat are not
widely and completely available for the UTRB. With regard to other species that
have experienced declines of a similar nature, habitat fragmentation and
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destruction have been the primary stressors (USFWS 2014). For example, the
Snail Darter (P. tanasi; Etnier 1975), is a species endemic to the UTRB that also
declined due to the 20th century “damming boom” in the basin (Etnier1975;
Starnes 1977). The Yellowcheek Darter (Nothonotus moorei Raney & Suttkus,
1964) is another species that declined in its distribution due to damming of the
Little Red River in Arkansas (Wine et al. 2008). Future conservation measures of
the Sickle Darter should consider removal of small, low-head dams in the subbasins within the UTRB. Low-head dam removal may have positive impacts on
all aquatic species, by reconnecting fragmented habitat patches for multiple
species.
The results from this study highlight the need for further research on this
imperiled species. For example, information is needed on if and how microhabitat
utilization varies by occupied sub-basin. Jett (2010) estimated the microhabitat
preference of Sickle Darters in the Little River, but this pattern may be different in
the Emory and Middle Fork Holston River sub-basins. Understanding the
availability of preferred microhabitat combined with knowing the broad-scale
ecological constraints identified in our study will aid in the further understanding
of why this species has declined. Ecological niche-modeling should be conducted
to estimate the probability of suitable habitat available to the Sickle Darter. Very
little information is also available on the diet of the Sickle Darter (see Page
1978), and the only available information on Sickle Darter diet comes from a few
individuals collected in the Little River and Emory sub-basins. Further
assessment of its diet and how it varies spatially may provide further evidence
into this species’ decline. The dispersal ability of Sickle Darter needs to be
assessed to determine if this species is capable of repopulating other sub-basins
that may have suitable microhabitat. It is unknown if this species moves out of
certain patches within a sub-basin during disturbance events, like floods or
droughts. (Hill & Grossman, 1987; Roberts & Angermeier, 2007). Page (1978)
suggests that this species makes short movements to shallow gravel riffles from
runs and shallow pools for spawning and moves to the bottom of deep pools
during the winter months (December-February). Dispersal ability of Sickle
Darters to other more distant riffle-pool areas is currently unknown. Holcomb et
al. (2020) determined the habitat-abundance relationships of the Harlequin
Darter (Etheostoma histrio D. S. Jordan & C. H. Gilbert, 1887) in Florida and
outlined an exceptional method for assessing a species’ status by using markrecapture, snorkel surveys, and side-scan sonar to estimate the abundance of
this cryptic species and its available habitat.
Analyzing temporal changes in a species’ distribution and/or status is a
very challenging task because data are lacking or most often incomplete.
Because of this, our ability to incorporate enough meaningful covariates in our
models may have biased our results. We may have also overfit some of our
models due to low or negative estimates of Mallow’s Cp, which may have
influenced our interpretation of model results. However, previous studies have
attempted to assess temporal changes in darter species status, abundance, and
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distribution. Wine et al. (2008) assessed temporal changes in the abundance of
the Yellowcheek Dater (Nothonotus moorei Raney & Suttkus, 1964) in the Little
Red River basin of Arkansas, where they compared site-densities over a 25-year
period Their estimates of site-density for the Yellowcheek Darter were highly
variable, due to varying sampling effort over the temporal scale explored (Wine et
al. 2008). We obtained similar results in variability of sampling effort when
compiling occurrence data for the Sickle Darter, because this species was
observed mainly as part of community fish sampling, with no targeted sampling
efforts. One study, by (Sterling et al., 2013) assessed the changes in distribution
of the Yazoo Darter (E. raneyi Suttkus & Bart, 1994) in Mississippi, but used sites
occupied rather than distance of stream occupied, and they were able to observe
changes in Yazoo Darter occurrence. However, unlike the Sickle Darter, more
sampling effort has been employed for the Yazoo Darter, but Sterling et al.
(2013) suggests that with even more sampling effort more and/or new
occurrence localities are likely to be discovered for the Yazoo Darter, this would
most likely be true for the Sickle Darter as well. Other studies have attempted to
capture spatiotemporal variation in fish community composition, but many of
these studies are done on various temporal scales and do not focus on single
species assessments (Parks et al., 2014; Calloway et al, 2017). From a global
perspective, most spatiotemporal assessments of freshwater fish distributions
have focused on community composition over shorter temporal periods (Sylvie et
al. 1999; Garcia et al. 2003). Thus, spatiotemporal assessments of rare
freshwater fish species are relatively new to the management of fishes. This
study provides an outline for a novel way for assessing temporal changes in the
range-wide distribution of a rare and imperiled stream fish species.
In summary, we conclude that the Sickle Darter has declined on a
temporal scale. However, there are still many questions that need to be
answered to determine what conservation measures need to be taken to
preserve this species. Previous studies on this species have not addressed the
causes of decline for the Sickle Darter, except for anecdotally alluding to habitat
fragmentation from dams and water quality degradation (Page & Near 2007;
Angermeier & Pinder 2015). This study highlights the multi-scale causes of Sickle
Darter decline based off best subsets regression modeling. Our models found
that Sickle Darters have declined due to habitat fragmentation caused by
damming at the whole basin and sub-basin scales. These results should inform
what habitat/environmental problems (i.e., habitat fragmentation) should be
addressed for potentially reintroducing this species into previously occupied subbasins, such as the Little Pigeon River. USFWS (2014) addressed the
conservation needs and developed a conservation strategy for imperiled aquatic
species in the UTRB, and this strategy should also be considered when
determining future conservation efforts for this species. This species is in need of
conservation efforts to ensure its preservation, and the results of this study
provide the foundation for some of those conservation decisions to be made.
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Recent changes in river operations of the UTRB may provide some
opportunities to conserve the aquatic diversity within this basin. In the mid-1990s
river operations were changed and started to mimic normal flow regimes
experienced by many species in decline (Scott et al. 1996). These changes in
river operations provided minimum flows and improved water quality, mainly
dissolved oxygen in fragmented areas of the UTRB (Scott et al. 1996) There may
be reasons to believe that better river operations and subsequent improvements
to water quality in the UTRB could lead to the recovery of populations of species
in decline. One species, the Lake Sturgeon (Acipenser fulvescens Rafinesque,
1817), once extirpated from the UTRB, has benefited from these changes in river
operations (Collier et al. 2001; Amacker & Alford 2017). Since 2000, Lake
Sturgeon have been reintroduced in the UTRB annually, where populations have
become established and should be approaching ages of sexual maturity in the
next 5-10 years (Amacker & Alford 2017, Dave Matthews, Tennessee Valley
Authority). Another species, the Snail Darter, has benefitted from changes in river
operations and improved water quality (Williams & Plater 2019). The Snail Darter
has experienced population increases and was recently petitioned for delisting
from the Endangered Species Act (Williams & Plater 2019). The changes in river
operations may have already had a positive impact on the Sickle Darter, because
one individual Sickle Darter was captured in the Sequatchie River sub-basin in
2016 (Jon Michael Mollish, Tennessee Valley Authority, personal
communication). However, it is unknown if a self-sustaining population has been
established there. The recovery of the Lake Sturgeon and the Snail Darter
provide hope for reconnecting fragmented populations of declining species like
the Sickle Darter.
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APPENDIX

Fig. 1.1 The historically occupied HUC-8 sub-basins (shaded) by the Sickle
Darter in the upper Tennessee River Basin.
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Table 1.1 The USGS gauges (median annual discharge and median spawning season
discharge) and the NOAA Climatic Data site (median total annual precipitation, median
spawning precipitation, median annual air temperature, median spawning season air
temperature) used to collect respective environmental variables in this study.
Sub-Basin
USGS Gauge
NOAA Climactic Sites
USGS 03498500 Little River near
Knoxville Airport, TN
Little
Maryville, TN
GHCND:USW00013891
Crossville Memorial Airport,
USGS 03540500 Emory River at
Emory
TN
Oakdale, TN
GHCND:USW00003847
USGS 03470000 Little Pigeon River at
Gatlinburg, TN
Little Pigeon
Sevierville, TN
GHCND:USC00403420
USGS 03527000 Clinch River at Speers Kingsport, TN
Upper Clinch
Ferry, VA;
GHCND:USC00404858
USGS 03488000 NF Holston River near Kingsport, TN
NF Holston
Saltville, VA
GHCND:USC00404858
03475000 MF Holston River near
Kingsport, TN
MF Holston
Meadowview, VA
GHCND:USC00404858
USGS 03473000 SF Holston River near Kingsport, TN
SF Holston
Damascus, VA
GHCND:USC00404858
USGS 03485500 Doe River at
Elizabethton, TN
Watauga
Elizabethton, TN
GHCND:USC00402806
Upper French USGS 03451500 French Broad River at Asheville, NC
Broad
Asheville, NC
GHCND:USW00013872
USGS 03532000 Powell River near
Kingsport, TN
Powell
Arthur, TN
GHCND:USC00404864
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Fig. 1.2 The sites sampled for Sickle Darters during the current survey (2016).
Sites with an open diamond signify Sickle Darter absence, and sites with a solid
black circle signify Sickle Darters presence.
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Fig. 1.3 The distribution of the Sickle Darter through our three temporal periods:
pre-damming (pre-1960, A), post-damming (post-1960-1999, B), and modern
(2000-present, C)
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Fig. 1.4 Temporal variation in the number of total dams (DamsT), hydropower
dams (DamsH), and low-head dams (DamsL) across the historic range of the
Sickle Darter.
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Table 1.2 Analysis of variance results for best subsets multiple linear
regression for distance of stream occupied by the Sickle Darter across two
spatial scales (whole basin and sub-basin). Results shown are for the best
model from Table 4. Root MSE = root mean square error, Stand. Bi =
standardized beta coefficient, VIF = variance inflation factor. The +/- sign for
t-value indicates the direction of the association between the environmental
covariate and distance of stream occupied. Further interpretation was not
done for the top model in the Little Pigeon River sub-basin, North Fork
Holston sub-basin, and upper Clinch River sub-basin because the top model
from those sub-based did not contain variables with a VIF (˂4). Variable
definition: DamsT (total number of dams)
*Distance of Stream
PStand.
Occupied: Scale
Variable t-value
value
Bi.
VIF
Whole Basin
Root MSE=6.37
Intercept 4.43
˂0.01
0.00
0.00
DamsT
-7.36
˂0.01
-1.04
3.81
Temp
-3.39
0.02
-0.49
2.22
South Fork Holston Subbasin
Root MSE=0.01
Intercept 0.01
˂0.01
0.00
0.00
DamsT
0.01
˂0.01
0.01
1.1
Watauga Sub-basin
Root MSE=4.95
Intercept 1.23
0.29
0.00
0.00
DamsT
-5.44
˂0.01
-0.92
2.16
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CHAPTER II
ECOLOGICAL NICHE MODELING OF THE SICKLE DARTER
(PERCINA WILLIAMSI) ACROSS TWO SPATIAL SCALES.
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-A version of this chapter was submitted for publication in Ecology of Freshwater
Fish by Kyler B. Hecke and Brian J. Alford:
Hecke, K.B. and Alford, J.B. 2021 Ecological Niche-Modeling of the Sickle
Darter (Percina williamsi) Across Two Spatial Scales. Ecology of Freshwater
Fish.
Abstract
Ecological niche modeling is a useful tool for predicting the distribution of
rare species. The Sickle Darter Percina williamsi is a rare fish species that has
been relatively understudied until recently. It is endemic to the upper Tennessee
River basin in eastern Tennessee, southwestern Virginia, and western North
Carolina. The number of sites occupied by this species has declined in the last
~50 years and the species has been petitioned for federal listing under the U.S.
Endangered Species Act. Ecological-niche modeling was used to identify stream
reaches with a high probability of suitable habitat. Two spatial scales were
chosen for modeling: the whole basin and sub-basin. We used recent (2000present) occurrences for this species to train our models. We trained the models
with species presences and background samples from the study area, and we
used cross-validation to evaluate the models. The accuracy of the whole basin
model was evaluated with the testing AUC metric, which was high (0.98) and
correctly predicted the presences used to test the model (OR =0.0). The most
important variable contributing to this model was stream order (48.2%). The
ecological niche models varied from the whole basin to the sub-basin scale in
terms of accuracy and variable importance, but they were similar in accurately
predicting the area of suitable habitat for the Sickle Darter. Results from this
study will be useful in identifying stream reaches to concentrate conservation
efforts for this species. The ecological niche model projections of probability of
suitable habitat will provide fisheries managers and biologists with a guide of
where high probability of suitable habitats could occur for this species in the
upper Tennessee River basin.

Introduction
Ecological niche modeling is a useful tool for the management and
conservation of rare species, especially for estimating the distribution of aquatic
species (McNyset 2005; Elith and Leathwick 2009; Franklin 2009; Dunith 2012;
Domisch et al. 2015; Holley 2018; Taylor et al. 2018; Taylor et al. 2019;). There
are multiple approaches to modeling the distribution of species, from occupancy
modeling (MacKenzie et al. 2017) to ecological niche modeling (Peterson &
Soberon 2012), which can be based on presence/absence data, pseudopresence data, and other background samples. These types of models can help
researchers and fisheries managers discern changes in a species distribution
and status, by providing a baseline for repeatable monitoring studies (Elith and
Leathwick 2009; Franklin 2009). This is important when managing fish species
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that are imperiled or rare in nature, like the Sickle Darter Percina williamsi (Hecke
and Alford 2021).
The Sickle Darter is a rare species endemic to the upper Tennessee River
Basin (UTRB) in the United States of America that has been relatively
understudied until recently (Page and Near 2007, Jett 2010, Hecke and Alford
2021). Hecke and Alford (2021) determined that the distance of stream section
occupied by Sickle Darters has declined due to habitat alteration and
fragmentation caused by both hydropower and low head dams, as well as the
adverse effects of an increase in human population density (deteriorating water
quality). But there are still many unknowns regarding the ecology and life history
of this species. This species was recently petitioned for federal listing under the
U.S. Endangered Species Act due to this decline (USFWS). Historically, The
Sickle Darter was observed in tributary systems of the UTRB (Fig. 2.1). The
UTRB is a large basin (4.5 million hectares) but has undergone immense
changes over the last 70 years, such as habitat fragmentation due to damming
and water quality impairment from anthropogenic pollution sources (Hampson et
al. 2000).
Many of the areas where Sickle Darters occur consist of fragmented
habitats due to damming and deteriorating water quality (Hampson et al. 2000;
Hecke and Alford 2021). Determining a species’ ecological niche with ecological
niche modeling is a useful way to predict the species distribution based on
occurrence data and measured environmental/habitat characteristics (Soberón
and Peterson 2005; Elith and Leathwick 2009). Ecological niche modeling is
conceptually based on Hutchinson’s n-dimensional hypervolume (Hutchinson
1978). The occupied distribution is the actual or realized portion of the
fundamental niche within which it exists in space and time, after taking into
account competition and predation effects on the species’ fitness (Hutchinson
1978; Soberón and Peterson 2005; Colwell and Rangel 2009; Elith and
Leathwick 2009). The advantages of ecological niche modeling are that it works
well with rare species (e.g., large number of absences relative to presences;
Soberón and Peterson 2005; Colwell and Rangel 2009; Elith and Leathwick
2009; Holley 2018). Some disadvantages of ecological-niche models are that the
usefulness of the model is approach dependent (presence-background data vs.
presence-absence data), and that appropriate covariate selection and utilization
can drive how well the model fits available data (Peterson and Soberón 2002).
Ecological niche-modeling is just one method to identify the stream reaches that
may be most suitable for Sickle Darters. We chose this method because
ecological niche modeling has been used to determine the ecological niche of
other rare and imperiled darter species, like the ecologically similar Longnose
Darter P. nasuta (Holley 2018).
We used ecological niche modeling to determine areas of greatest habitat
suitability for the Sickle Darter by incorporating multiple approaches. We
achieved this goal with the following objectives: (1) determine the ecological
niche of the Sickle Darter and how it varies on two spatial scales (whole
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distribution and sub-basin), and (2) determine the most important variables that
drive the ecological niche of the Sickle Darter. The results of these models will
provide valuable information for fisheries managers and biologists to use when
determining the conservation measures needed for this species.

Materials and Methods
Study Area
The UTRB originates as a spring-fed system in the southern portion of the
Appalachian Mountains. This basin flows through four different EPA-Level III
ecoregions: the Blue Ridge Mountains, the Ridge and Valley, the Southwestern
Appalachians, and the Central Appalachians (Omernik 1997; Fig. 2.1). This basin
drains an area of 4.5 million hectares (Hampson et al. 2000). It consists of 6
major sub-basins: Watts Barr Lake, the Little Tennessee River, the Hiwassee
River, the Clinch River, the Holston River, and the French Broad River (Hampson
et al. 2000).
Contemporary Occurrences
Contemporary occurrences for this species were collected from multiple
data sources. To be considered a contemporary occurrence record, we set a
temporal threshold of 2000 to present. We felt this threshold would capture the
current distribution for the Sickle Darter. These occurrence data were gathered
from a recent distribution study on the Sickle Darter (Hecke and Alford, 2021),
Global Biodiversity Information Network (GBIF, 2020), Freshwater Information
Network (FIN; TNACI, 2019), FishNet2 (2017), FishMap (2020), and
Conservation Fisheries Inc. sampling database (personal communication with
CFI owners Pat Rakes and J.R. Schute). Contemporary occurrences were crossreferenced for potential double-listing of occurrences in multiple datasets. We
plotted our contemporary occurrences in ArcGIS (ESRI 2021) with the NHDPlus
(v.2; NHDPlus; McKay et al. 2012) and stream catchment datasets (StreamCat;
Hill et al. 2015) to get a corresponding stream-segment identifier (FID) for each
occurrence. Each stream segment varied in size (length in meters). This allowed
us to correlate occurrences with specific environmental covariate data.
Environmental Covariates
Landscape-level environmental and habitat covariates were collected from
the NHDPlus and StreamCat datasets. Data from these two sources correspond
to a stream segment (NHDPlus), which is a specific measured reach of a stream
and/or river from one tributary confluence to another. The stream catchment was
defined as the topographical drainage area of a specific point on a stream or river
where Sickle Darters occurred. We selected 12 environment covariates that were
ecologically relevant to darters, specifically the Sickle Darter (Lindquist and Page
1984; Jett 2010; Holley 2018; Table 2.1). Landuse covariate data were measured
in 2014, so these variables will suffice for use in our models because they are
roughly the midpoint of the period where contemporary occurrences took place.
From this data set, we removed data for stream segments with stream order of 1
or 2, following the methodology of Holley (2018) who utilized ecologicalniche
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modeling on the Slenderhead Darter (P. phoxocephala). These headwater
stream segments were removed because the Slenderhead Darter and Sickle
Darter occupy similar habitats in mid-order perennial streams and share similar
life-histories. Environmental covariates were summarized further by stream
segments and stream catchment occupied by Sickle Darters. We did not perform
normality or spatial correlation tests for our environmental covariates because
MaxEnt accounts for redundancy in the environmental covariates (Feng et al.
2019).
Data Analyses
Model Set: The presence-background with cross-validation was used in
Maxent (Phillips et al. 2017) to estimate the ecological niche of the Sickle Darter
within the UTRB. Maxent is a machine-learning tool that minimizes the relative
entropy between values of environmental covariates associated with known
presence locations and values of environmental covariates associated with
background samples within the study area (Elith et al., 2011; Phillips et al., 2017;
Taylor et al., 2019). Presence-background was the approach used to estimate
the ecological niche of the Sickle Darter across two spatial scales (whole
distribution and sub-basin) following the methods outlined by Holley (2018). Due
to a lack of contemporary occurrences to train the ecological niche, sub-basin
specific models were only performed for the Emory River, and Little River. For all
of the models, the presence-background models, we used a random subset
(25%) of our contemporary occurrences to train our model. Further, we used the
cross-validation presence-background method to account for spatial sampling
bias. We followed the methodology of Holley (2018) and Taylor et al. (2019) for
our model designs because their datasets and species were similar to that for the
Sickle Darter. All model projections of Sickle Darter probability of suitable habitat
were plotted in ArcGIS (ESRI 2021) for further inference. The projections of
probability of suitable habitat are between 0-1, and a specific projection of
probability of suitable habitat suggests that the habitat in that particular stream
segment is x% suitable for the species used in that ecological-niche modeling.
For example, a stream segment with a probability of suitable habitat project of
0.75 (75%) signifies that the model predicts that there is a 75% chance of there
being suitable habitat for the species in that stream segment.
Model Fit: The fit of ecological niche models was assessed in multiple
ways. To estimated model performance, we used a threshold-independent
measure called the area under the curve (AUC; Fielding and Bell 1997; Taylor et
al. 2019). Higher values of AUC reflect an improved ability to discriminate
presence locations from background locations (Muscarella et al., 2014; Warren
and Seifert 2011). Testing AUC values were reported for each ecological niche
model. In addition, we used omission rate (OR), which is a threshold-dependent
measure (training omission error) to further assess the discrimination capacity of
models (Fielding and Bell 1997; Jiménez-Valverde, 2014; Taylor et al. 2019; i.e.,
a false negative, an occurrence is mistakenly predicted as an area with low
probability of suitable habitat). We also determined the percent contribution and
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permutation importance of each covariate included in each of the model. Percent
contribution is the impact that a particular variable has on predicting the
occurrence of that species (Phillips et al. 2017). The percent permutation
measures the decline in training AUC when permuting the values of each
variable at a time with the background values (Phillips et al. 2017) Also, we
looked at the single-covariate response of the environmental covariate relating to
Sickle Darter habitat suitability. We did this for each model by using the covariate
in each model each with the highest percent contribution.
Model Comparison: We employed multiple methods to compare the
spatial bias in ecological niche model projections for each of the models, i.e.,
whole basin vs sub-basin. Model projections were compared via testing AUC and
% variable contribution.

Results
We collected 31 unique Sickle Darter occurrences to train the ecologicalniche models (8 in the Emory River, 16 in the Little River, 4 in the Middle Fork
Holston, 2 in the North Fork Holston, and 1 in the upper Clinch). Contemporary
occurrences of Sickle Darters were observed in 5 sub-basins (upper Clinch,
Emory, Little, Middle Fork Holston, and North Fork Holston; Fig. 2.2). The median
estimate of covariates in occupied stream segments displayed some variations
across the spatial scales (Attachment 2.1; Att_3.xlsx). The covariates percent
urban-low, percent urban-medium, percent urban-high, percent crop, road
crossing density, dam density, and mean predicted summer temperature were
consistent for occupied stream segments across both spatial scales. All other
covariates were variable across spatial scales, whole basin to sub-basin, and
between sub-basins.
The Sickle Darter ecological-niche models shared some similarities
between the two spatial scales. The whole basin ecological-niche model (7
testing occurrences and 31 training occurrences) had a testing AUC value of
0.85 and correctly predicted the occurrences of the training data with an OR of
0.0 (Fig. 2.3). Stream order was the variable with the highest percent contribution
(48.2%; Table 2.2), and stream order had the highest permutation importance
(29.2% Table 2.2) in this model. The Emory River sub-basin specific crossvalidation models had a mean (±SE) testing AUC value of 0.84 (±0.22) and
moderately predicted the occurrences of the testing data (OR=0.17; Fig. 2.4).
Elevation was the variable with the highest percent contribution (51.4%) and had
the highest permutation importance (29.0%; Table 2.2). The Little River subbasin specific cross-validation model had a mean (±SE) testing AUC of 0.91
(±0.01), which was similar to the whole basin ecological-niche model (Fig. 2.5). In
this model, the variable stream order had the highest percent contribution
(51.7%) and the variable predicted mean summer temperature had the highest
percent permutation importance (56.6%; Table 2.2). Sub-basin specific models
were not performed for the Middle Fork Holston River (n=3), North Fork Holston
River (n=2) or upper Clinch River (n=1) because there were too few occurrences
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to train an ecological niche model for these sub-basins. Across all models, the
variable stream order (48.2%) had the highest average of contribution and
predicted mean summer temperature (22.8%) had the highest average
permutation importance.

Discussion
Ecological niche modeling is useful tool for determining the habitat
suitability for rare species, such as the Sickle Darter. This is the first study to
model the distribution and predict suitable stream reaches for the Sickle Darter.
Hecke and Alford (2021) assessed temporal changes in its distribution and
determined its current range but did not predict its distribution. Ecological-niche
modeling has been useful for modeling the distribution of many other imperiled
fish species. (McNyset 2005; McNyset 2009; Simpson 2011; Dunithan 2012;
Pinkerton 2016; Holley 2018). However, not many studies have utilized
ecological-niche modeling for species distribution modeling with darters
(McNyset 2005; McNyset 2009; Holley 2018). McNyset (2005) used ecologicalniche modeling to predict the distribution of the Arkansas Darter (Etheostoma
cragini) and Fantail Darter (E. flabellare) in Kansas. McNyset (2009) also used
ecological-niche modeling to predict the distribution of Sand Darter species
(Ammocrypta spp.) across their ranges in the southeastern U.S. Holley (2018)
used ecological-niche modeling to predict the distribution of a species similar to
the Sickle Darter, the Longnose Darter (P. nasuta), and found it to be a
successful method for predicting the distribution of this species based on testing
occurrences. Ecological-niche modeling should be utilized more to predict the
distribution of rare fish species, especially darters.
Sickle Darter ecological niche models varied in accuracy, error, and
variable importance across the two spatial scales in our study. Our ecologicalniche models may have varied spatially due to a number of reasons, more than
likely due to an unequal number of training occurrences at each of the spatial
scales. For example, we had 31 training occurrences in the UTRB compared to
just 8 in the Emory River sub-basin. This may have influenced our ability to
accurately predict the suitable habitat across each of the sub-basins, suggesting
that sample size is an important factor in both modeling and fisheries research
(Hernandez et al. 2005; Pearson et al. 2007; Pyne et al. 2007; Yackulic et al.
2013; Domisch et al. 2017; Marckovic et al. 2019; Støa et al. 2019). This
supports that scale is important in fisheries research (Peterson & Dunham,
2010). Our ecological-niche models had a range of testing AUC values between
0.84 and 0.91 and a range of OR between 0.0 and 0.2. Hecke and Alford (2021)
found that there are spatial relationships (whole basin vs. sub-basin) with the
distribution of the Sickle Darter, which may be why our ecological niche models
vary spatially. However, we did not include diet or microhabitat variables in our
models which could differ by sub-basin. Another factor to consider in our spatial
ecological niche models is the actual size of each basin assessed in each model.
The size of basins included in our models (whole basin and sub-basin) were
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between 980 and 55,400 km2. The Sickle Darter has a fairly wide range
consisting of fragmented populations, so accurately predicting the ecologicalniche model of this species may be difficult across spatial scales. Other studies
have found that spatial scale is also important when determining a species’
ecological niche (Laub and Budy, 2015; Kärcher et al., 2019; Taylor et al., 2019).
Laub and Budy (2015) found spatial differences in their niche overlap analysis
with Bluehead Sucker (Catostomus discobolus), Flannelmouth Sucker (C.
latipinnis), and Roundtail Chub (Gila robusta) in the Colorado River basin.
Kärcher et al. (2019) found that spatial scale was an important factor in the
variance of validation performances in their ecological-niche models for 8
freshwater species in the Danube River. Taylor et al. (2019) found that there was
spatial sampling bias in their ecological-niche models of the Paddlefish
(Polyodon spathula) in the Arkansas River basin. Domisch et al. (2015) outlined
the challenges associated with modeling species distribution across temporal
scales in stream ecosystems. While challenges exist in any distribution study,
especially those challenges from a spatial perspective, ecological-niche modeling
is still an adequate method for predicting the distribution of species when used
appropriately.
The variables most important for determining the ecological niche models
of the Sickle Darter varied between the two spatial scales. This variability is most
likely due to spatial differences in each of the sub-basins, i.e., different values of
model variables in each sub-basin (Table 2.2). We also saw differences in
variable contribution from the whole basin scale to the sub-basin scale. These
differences may be due to the wide range of variable values in the UTRB
ecological niche model compared to the sub-basin specific ecological niche
models (Dyer et al.,2013; Table 2.2). This highlights the importance of scale in
ecological-niche modeling (Hernandez et al. 2005; Pearson et al. 2007; Pyne et
al. 2007; Yackulic et al. 2013; Domisch et al. 2017; Marckovic et al. 2019; Støa et
al. 2019). Future research should consider the potential cascading effects that
may be present with some of these covariates, such as road-crossing density. In
a comparable study on a Percina species, the Longnose Darter, Holley (2018)
found that in their ecological niche models that mean annual discharge (68.4%)
for a stream segment model and the reach area (85.4%) for a reach scale model
were the variables that had the highest contribution to those respective models.
We found contrasting results with the variables with the highest percent
contribution to our models because these species inhabit different aquatic
systems (Arkansas River basin compared to the UTRB) and have varying habitat
requirements. Essentially, the Longnose Darter and Sickle Darter have differing
environmental backgrounds (Nori and Rojas-Soto, 2019). In our study, elevation
appears to be the most important variable across all models, suggesting that
stream gradient plays an important role in the distribution of the Sickle Darter.
This finding is supported by Poff and Allan (1995), who found that stream
gradient plays a critical role in the functional organization of stream fish
assemblages. However, we also found that different variables contributed to the
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importance of the sub-basin specific models. This suggests that Sickle Darters
may have location-specific requirements for suitable habitat in each of the subbasins.
The ecological niche models outlined in this study could be used to drive
conservation efforts for this species. This study is the first to predict areas of
suitable habitat for this species. Hecke and Alford (2021) predicted the distance
of stream occupied by this species but did not relate it to microhabitat. The UTRB
ecological niche model suggests, that, outside of its currently known range, that
the Little Pigeon River should be an emphasis for potentially habitat
improvements and/or species reintroductions. However, this sub-basin has gone
through an immense number of changes in the last ~30 years due to an increase
in urbanization and impervious surfaces (Hampson et al. 2000). Before
conservation measures are enacted for this species in this sub-basin,
microhabitat and water quality issues should be addressed as outlined by
(USFWS, 2014). The North Fork Holston River sub-basin is another sub-basin to
consider for future conservations efforts. The Sickle Darter has only been
observed at two sites in this sub-basin in the last ~20 years. Hecke and Alford
(2021) were unable to detect any Sickle Darters in this sub-basin in a recent
distribution study on the species. This species may occur at such low abundance
levels that they appear undetectable. This may be another area where Sickle
Darters would benefit from species reintroductions if suitable microhabitat is
available.
The results of this study provide a baseline for moving forward with the
conservation of this species. Ultimately, this study provides data to guide the
future monitoring of the Sickle Darter. A new monitoring effort may yield new
occurrences of this species. Thus, sampling areas with high values of predicted
suitable habitat in the Little Pigeon River and North Fork Holston Rivers, for
example, may uncover new records of this species. However, some of these
areas of high suitable habitat may not be accessible to the Sickle Darter since
contemporary populations are fragmented by dams and their impoundments.
Barve et al. (2011) highlighted how ecological-niche models do not always
predict areas where a species may occur. This will be an important factor to
consider when using these models to inform conservation decision for this
imperiled species.
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APPENDIX

Fig 2.1. Historical distribution of Sickle Darters (shaded areas) in the UTRB
(From Hecke & Alford, 2021).
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Table 2.1. The unit and scale of each covariate considered
for our ecological niche models. PctUr is the percent of the
urban land cover type across low, medium, and high levels,
PctMxFrst is the percent of mixed deciduous/evergreen
forest land cover type, PctCrop is the percent of the crop
landcover type, MSST is the predicted summer temperature,
and BFI is the ratio of baseflow to total flow.
Covariate
Units
Scale
2
Area
km
Catchment
Dam Density
dams/km2
Catchment
Elevation
M
Catchment
2
Road Crossing Density
crossings/km
Catchment
PctUr_Low
%
Catchment
PctUr_Med
%
Catchment
PctUr_Hi
%
Catchment
PctMxFrst
%
Catchment
PctCrop
%
Catchment
MSSST
֯C
Catchment
Stream Order
Unitless
Segment
BFI
%
Catchment
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**

Fig. 2.2 Contemporary (2000-present) occurrences of Sickle Darters in the
UTRB.
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Fig. 2.3 The predicted habitat suitability (0.0-1.0) for Sickle Darters in the UTRB
stream segments. Red stream segments signify high levels of habitat suitability,
while blue values signify low values of habitat suitability. White squares are the
occurrences used to train this model, while violet squares are the occurrences
used to test this model.
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Table 2.2. The percent contribution (standard deviation; %) and permutation importance
(%) of each variable among all models. Percent contribution and permutation importance
were averaged from all models. "-" signifies variables where there was insufficient data to
include that variable in a model for the Emory River sub-basin.
Model
Upper
Variable
Tennessee
Emory
Little
Average
Percent contribution
48.2
6.8 (2.4)
51.7 (4.6)
35.6
Stream Order
0.0
51.4 (7.1)
5.3 (1.3)
18.9
Elevation
13.8
17.2 (9.3)
13.6 (3.8)
14.9
PctUr_Med
15.3
0.0 (0.0)
7.7
Catchment Area
5.5
4.8
(1.3)
10.4
(2.2)
6.9
BFI
1.9
8.1 (2.2)
7.6 (3.4)
5.9
MSSST
1.9
6.9 (1.4)
7.8 (4.1)
5.5
PctUr_Hi
5.4
0.8 (0.1)
0.0 (0.0)
2.1
PctCrop
5.3
0.9 (0.2)
0.0 (0.0)
2.1
PctUr_Low
0.4
3.1 (1.5)
0.1 (0.1)
1.2
Road Crossing Density
0.9
0.8 (0.3)
0.9
Reach Length
0.2
0.0 (0.0)
2.1 (0.3)
0.8
Dam Density
0.0
0.7 (0.1)
0.4
PctMxFrst
Permutation importance
4.8
6.9 (2.6)
56.6 (5.6)
22.8
MSSST
29.2
25.4 (6.5)
0.0 (0.0)
18.2
Stream Order
0.0
29.0 (3.5)
17.4 (3.2)
15.5
Elevation
16.8
10.8 (2.7)
10.0 (6.4)
12.5
PctUr_Hi
23.4
1.1 (0.4)
4.5 (2.8)
9.7
PctUr_Med
4.5
19.0 (5.3)
0.0 (0.0)
7.8
BFI
17.3
0.0
(0.0)
0.0
(0.0)
5.8
PctCrop
0.0
8.4 (2.1)
4.2
PctMxFrst
2.5
1.8 (0.7)
2.2
Reach Length
0.0
6.1 (4.2)
0.0 (0.0)
2.0
PctUr_Low
1.5
1.8 (0.1)
0.2 (0.1)
1.2
Road Crossing Density
0.0
0.0 (0.0)
1.1 (0.2)
0.4
Dam Density
0.0
0.0 (0.0)
0.0
Catchment Area
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Fig. 2.4 The ecological niche model projection for the Emory River sub-basin.

Fig. 2.5 The ecological niche model projection for the Little River sub-basin.
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CHAPTER III
The Movement and Home Range of the Sickle Darter (Percina
williamsi) in the upper Emory River of Tennessee, USA.
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The following chapter is formatted to the specific author guidelines for the
Hydrobilogia journal by myself and my adviser J. Brian Alford.
Hecke, K.B. and Alford, J.B. 2021. Movement and Home Range of the
Sickle Darter (Percina williamsi) in the Upper Emory River of Tennessee.
Hydrobilogia.

Abstract
Understanding movement patterns and home range of rare species is
challenging, especially for aquatic fauna like fishes. The Sickle Darter Percina
williamsi is a rare fish species endemic to the upper Tennessee River basin in
eastern Tennessee, southwestern Virginia, and western North Carolina (USA). It
has been listed as threatened by the states of Tennessee and Virginia and is
being petitioned for federal listing under the United States Endangered Species
Act. Little is known about the movement and home range of this species. A total
of 8 Sickle Darters from the upper Emory River system were implanted with 8mm PIT tags and released at the point of capture. The mean (±SD) total length
and weight of all fish PIT tagged was 70.1 ±3.4 mm and 3.08 ±1.4 g. Movement
for each individual was tracked every two weeks for 6 months (SeptemberMarch; including spawning season) with a Biomark® HPR Plus reader and BP
Plus portable antenna. Associated environmental data (discharge, water
temperature, photoperiod, and precipitation) were collected throughout the study.
Best sub-sets regressions modeling suggest that Sickle Darter movement is
significantly related to discharge (m/sec3) at multiple temporal levels. Home
range for each individual varied in size. Median home range size was 157.5 m 2
and median degree of overlap for estimated home range was 23.3 %. The results
from this study suggest that Sickle Darters exhibit strong site fidelity except when
discharge is extremely high. Therefore, conservation measures that protect or
attempt to reconnect fragmented habitats will need to factor in the low dispersal
ability of this species.

Introduction
Understanding movement patterns and home range of rare species is
challenging, especially aquatic fauna like fishes. (Holden, 1978; Rodriguez,
2002). Movement of large-bodied sport fishes, like salmonids, has been widely
documented on multiple scales (Holden, 1978; Rodriguez, 2002). Rare species
movement can be assessed on multiple scales, such as within-habitat
movement, within-reach movement (movement within a stream reach), and
system-to-system movement (one tributary to another). There are multiple
reasons why species move, such as seasonal spawning migrations, short-term
movement to minimize stress (e.g., movement to a thermal refugium), or
movement to another reach in response to a habitat disturbance (e.g., flood or
drought) or loss of resources (e.g., food, cover). Understanding the movement of
a rare species can improve the efficacy of monitoring its population trajectory. In
addition, movement studies allow researchers to understand how individuals
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respond behaviorally to environmental change, and how they may utilize
available habitat at various spatiotemporal scales (Holden, 1978; Rodriguez,
2002; Baxter, 2015; Baker et al., 2017; Pennock et al., 2018).
The Sickle Darter Percina williamsi is a rare fish species that has been
understudied until recently (Jett 2010; Tennessee Wildlife Resources Agency
[TWRA], 2015 Virginia Department of Wildlife Resources [VDWR], 2015; Hecke
& Alford 2021). Historically, its distribution included the upper Tennessee River
basin (UTRB) in the states of North Carolina (NC), Tennessee (TN), and Virginia
(VA; Etnier & Starnes, 1993; Jenkins & Burkhead, 1994; Page & Near, 2007;
Jett, 2010; Burns et al., 2007; TWRA, 2015; VDWR, 2015; Tracy et al., 2020;
Hecke & Alford, 2021). However, due to fragmentation of populations by dams
and other environmental disturbances, it currently occurs only in the upper Clinch
River and North Fork Holston River sub-basins in Tennessee and Virginia,
Middle Fork Holston River sub-basin in Virginia, and the Emory River and Little
River sub-basins in Tennessee (Page & Near, 2007; Hecke & Alford, 2021).
Previous studies on this species have focused on its life history, diet, and
microhabitat utilization, primarily within one river where it is found—the Little
River in Tennessee (Etnier & Starnes, 1993; Page & Near, 2007; Jett, 2010).
Without a more complete understanding of this species, it is hard to prescribe
suitable conservation measures to preserve it. At the microhabitat scale, the
Sickle Darter occupies flow-adjacent pools over a mix of substrate types (e.g.,
cobble, boulder, sand, gravel, silt), and it is strongly associated with small woody
debris or macrophyte cover (Etnier & Starnes, 1993; Jett, 2010). This species is
thought to remain in the same reach for the majority of the year, and individuals
are captured in the same microhabitats year after year. However, there have
been cases where it moves to deeper pools in the winter season (Etnier &
Starnes, 1993). There is anecdotal evidence that suggests they migrate short
distances from pools to gravel areas of riffles for spawning; however, no study
has documented this (Etnier & Starnes, 1993; J.R. Shute, personal
communication). Studies on darter (Family Percidae) movement, in general,
show that movement tends to be species-specific and location dependent. For
example, Baxter (2015), found that Kentucky Arrow Darters Etheostoma spilotum
in tributaries of the Red Bird River (Kentucky, USA) will annually move both
upstream and downstream and cover distances from 40 m to 4,000 m.
There have been many recent advancements in the application of
telemetry technology in small-bodied fishes (< 150 mm total length) for studying
individual dispersal and microhabitat selection (Ruetz et al., 2006; Knaepkens et
al., 2007; Baxter, 2015). Passive Integrated Transponder (PIT) tags have been
used for decades to track many fish species from all types of environments
(Smyth & Nebel, 2013; Baxter, 2015). However, most species that are PIT
tagged are prized commercially or recreationally, easily recognized and valued
by society (e.g., sharks) or they are invasive (e.g., carps in North America).
Recent telemetry studies have used PIT tags to track small-bodied stream fishes
that tend to be rare or of conservation value (Baxter, 2015; Baker et al., 2017;
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Cary et al., 2017; Kelly et al., 2017; Allan et al., 2018; Pennock et al., 2018).
These researchers have outlined methods to track the movement of individuals
at large and small scales, and they have observed movement of individuals
across multiple habitat types within a stream.
The goal of our study was to assess how the Sickle Darter moves spatially
within a stream and to determine the variability to which it moves temporally. We
achieved this goal with the following objectives: 1) determine the movement
extent of the Sickle Darter in the upper Emory River system and the potential
environmental drivers of this movement, 2) assess the variation in microhabitat
use on a temporal scale, and 3) determine the species’ home range and the
degree to which individuals overlap in their habitat use. The data presented in
this study will further our knowledge on Sickle Darters and help inform future
conservation measures to preserve this species.

Methods
Study Area
The Emory River is a predominantly spring-fed tributary system of the
upper Tennessee River watershed in east Tennessee (Etnier & Starnes, 1993;
TDEC, 2002; Fig. 3.1). This river originates in Morgan County, and it flows
southeasterly until it meets its confluence with the Clinch River in Roane County,
Tennessee (Tennessee Department of Environmental Conservation [TDEC],
2002). The Emory River main stem is 74 km long and its basin drains an area of
~2,300 km2 (TDEC, 2002). This basin flows through two different EPA-Level III
ecoregions: the Southwestern Appalachian Mountains and the Ridge and Valley
(Omernik, 1997).
Fish Collection and Tagging
Sickle Darters were captured from known occurrence locations within the
Emory River drainages (IACUC protocol # 2257; Fig. 3.1; Page & Near, 2007;
Jett, 2010; Hecke & Alford, 2021). This river and occurrence locations were
chosen because it supports one of only two robust populations remaining in its
fragmented distribution (Page & Near, 2007; Hecke & Alford 2021). These
capture locations consisted of long shallow pools and short riffle areas over
various substrate types. These two sites were selected because they are known
occurrence locations of Sickle Darters where they have persisted over many
decades. Backpack electrofishing and minnow seines were used to capture
individuals (Bonar et al., 2009). A total of eight Sickle Darters varying in size from
56 to 88 mm total length were collected, tagged, and released at their point of
capture in the Emory River system, which included Rock Creek, a small tributary
to the Emory River in Morgan County, Tennessee (09/27/2019 and 11/16/2019).
PIT tags were used to track individual Sickle Darter movement (Smyth &
Nebel, 2013). The model of PIT tags deployed were Biomark® HPT8 minichipTM
(8.4mm X 1.4mm, 134.2KHz). These PIT tags are known to not hinder growth,
movement, or behavior of small benthic fishes (Ruetz et al., 2006; Knaepkens et
al., 2007). Tagging methods closely followed Baxter (2015). Sickle Darters were
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tagged on the ventral side and on the posterior end between the gular area and
the vent. This is the standard PIT-tagging location for small-bodied freshwater
fishes (Kuechle & Kuechle, 2012; Baxter, 2015). A scalpel was used to make a
small insertion at this location, then the PIT tag was inserted by hand following
the mid-ventral line at an approximate 45֯ angle. After insertion of the PIT tag, the
location was treated with a petroleum jelly made of an antiseptic betadine
solution. All materials used were sterilized with 75% ethanol, and the individuals
assisting with the PIT tagging of a fish wore nitrile gloves to avoid potential
infection of the PIT-tagging location. After insertion, each fish was checked for a
unique PIT-tag number. Fish were placed in a container of ambient river water
with aeration and allowed to recover for 45 min. After the recovery period, the
tagged fish were released back into the river at its capture location. Each
individually tagged fish was checked once again prior to release in the river for a
corresponding PIT-tag number. PIT-tagging mortality and retention was not
assessed due to the conservation status and limitations of collecting of this
species. Instead, we estimated tag retention and mortality from methods in
Ruetz (2006), and Knaepkens et al. (2007) based on their studies on PIT-tagging
small-bodied stream fishes, where tag retention is the percent of individuals that
retained their tag, and tag mortality is the percent of individuals that died during
the tagging process.
Fish Tracking
The movement of PIT-tagged individuals was tracked biweekly after the
original tagging date for one year. These PIT tags can remain active for up to 70
years. Tagged fish were tracked using a Biomark® HPR Plus reader and a BP
Plus portable antenna. The antenna allows the PIT-tag reader to detect the tags
under water, even if the fish is hiding under cover (e.g., a rock or vegetation)
simply by holding the reader within about 30 cm of the animal. The antenna has
been found to sufficiently detect a benthic PIT-tagged species, the Mottled
Sculpin Cottus bairdii, which is strongly associated with rock cover (Kelly et al.,
2017). Cross-channel paths (i.e., left bank to right bank) were conducted in a zigzag motion across the wetted width of the stream at each tagging site to track the
PIT-tagged individuals. These paths were done continuously until all fish were
accounted for, or the detection reach was covered (≈500 m) at each tagging site.
The paths did not overlap and there was ˂0.15 m between each of the individual
paths. Each time a PIT-tagged fish was located a weighted fluorescent marker
was placed in water to identify the point of detection. To determine if the
“detection” was from a live fish, we used visual confirmation to determine that the
PIT-tagged fish was still alive (i.e., gill or body movement observed) and that the
PIT tag had not been lost. The corresponding geolocation of the “detected” Sickle
Darter was recorded. The detection locations were marked so that microhabitat
and environmental data could be collected for each detected individual. Time of
tracking (min) was also estimated for each tracking event so that additional
movement and detection efficiency variables could be estimated. Movement of
each fish was estimated by measuring the distance traveled by a tag fish by
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estimating the distance in meters from a fish’s previous tracking event detection
to the current tracking event detection. This was done for each fish during every
tracking event. Movement upstream and downstream was also recorded during
this process. Movement distances were estimated in ArcMap
Environmental and Habitat Variables
We measured microhabitat characteristics within a 2-m2 area around each
weighted marker (Table 1). These data included canopy cover (%), dissolved
oxygen (mg/L), pH, stream depth (m), stream wetted-width (m), water
temperature (֯C), water velocity (cm/sec), and percentage of substrate types
(e.g., gravel, sand). These environmental variable and habitat variables were
selected because they best represent the known microhabitat of darters (Chips et
al. 1994). Dissolved oxygen and water temperature data were collected with a
Pro20 Dissolved Oxygen Meter. The pH data were collected with an Oakton
PCSTestr 35 pH tester. Stream depth data were collected with a Keson 50-m
field-measuring tape. Water velocity data were collected using the neutrallybuoyant object method, whereby a floating marker was dropped at an upstream
point 2 m from a darter detection, and the time was measured (s) for the marker
to travel downstream to the point of detection. Current velocity for the detected
darter was calculated as m/s. This was done three times total to get an estimate
of mean water velocity for the area of detection. Substrate data were collected by
visually determining the percentage of each substrate type (sand/silt, gravel,
cobble, and boulder) at each detection location within the 2-m2 detection area.
Other environmental data were collected daily throughout the study for the Emory
River watershed, and these data included discharge(m 3/sec) from the U.S.
Geological Survey (USGS) gauge # 03540500 at Oakdale, TN, and precipitation
(cm) and photoperiod (hours) from the National Oceanic and Atmospheric
Administration (NOAA) National Weather Service (2020) climate station GHCND:
USW00053868 at Oak Ridge, TN. Water temperature (֯C) data were collected
every hour using two Onset HOBO temperature loggers, with one deployed at
the Rock Creek site and another deployed at the upper Emory River site.
Data Analyses
We characterized movement by estimating total effort (min), effort-perdetection (min./detection), and detection (0-1; Hubert and Fabrizo, 2007). We ran
simple linear regressions to assess the temporal relationship of these variables
throughout the study. To determine the spatial movement of Sickle Darters, we
plotted geolocations in ArcMap (ESRI, 2020), and used the point-distance
function to get an estimate of distance (m) between points from tracking events.
We did this for every tracking point, determining the distance moved compared to
the most previous tracking event. We estimated a mean (±SD) movement
distance of Sickle Darters for each tracking event. Furthermore, we determined
the frequency of upstream and downstream movement throughout this study. A
two-tailed Kolmogorov-Smirnov test was used to assess if frequency of Sickle
Darter movement upstream or downstream was distributed equally.
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For the environmental and microhabitat data measured at each detection
point, we estimated a mean (±SE) value for all variables for each tracking event.
For the watershed-scale environmental data, we estimated total daily
photoperiod (hours), mean daily temperature (֯C), daily temperature change (֯C),
total daily precipitation (cm), and median daily discharge (m3/sec). We chose
these variables because discharge and temperature are known to be important to
fish movement, and because darters are active diurnally, we chose photoperiod
to reflect potential associations between movement and hours of sunlight. We
assessed the relationship of time to the tracking characteristics and
environmental variables. We estimated a total frequency of substrate use during
each tracking event for all fish detected. All statistical analyses were evaluated at
an alpha = 0.05, and all analyses were completed in RStudio (2020; Zar, 1999).
We modeled the mean movement distance of Sickle Darters against the
various temporal environmental and microhabitat variables. We did this by using
best-subsets regression modeling, a form of multiple regression, (Zar, 1999). We
chose best-subsets regression modeling because the response and predictor
variable data were continuous. Mallow’s Cp and Adjusted R2 were used to select
models with the best fit at each temporal scale (7-day, 3-day, 1-day). We chose
these temporal scales to capture potential delayed effects on Sickle Darter
movement associated with environmental or microhabitat characteristics. We
estimated a median value for the environmental and microhabitat characteristics
for each of the temporal scales, i.e., for the 3-day temporal, we used the median
estimate for discharge. We considered the best models for interpretation as
those with the lowest Mallow’s Cp values and highest adjusted R2 values,
because these metrics allowed us to interpret the most parsimonious models
(i.e., less risk of overparameterization). We further interpreted our best models at
each spatial scale by assessing model fit with Analysis of Variance. Further, we
used corrected Akaike information criterion (AICc) to determine the number of
models to interpret at each spatial scale. Corrected Akaike information criterion
was used to account for the small samples size used in our analyses. At each
spatial scale, all models with ΔAICc value ≥ 5 were interpreted further (Akaike,
1973; Burnham & Anderson, 2004; Liao et al., 2018).
To estimate the home range (90% of contour) and the core range (50% of
contour) for each PIT-tagged Sickle Darter, we used the kernel density tool in
ArcMap (ESRI,2020). We used the Fish Tracker tool in ArcMap to smooth out the
home range estimates and make them fit the actual riverine system (i.e., remove
obstructions) where this study took place (upper Emory River watershed; Laffan
& Taylor, 2013). This tool applies the home range estimate to a more fish-like
habitat (rivers), by making the estimate more “aquatic” in nature, compared to
estimates of home range for terrestrial species (Laffan & Taylor, 2013). This does
not remove movement points from the map. We estimated the total size (m2) of
home ranges for each PIT-tagged Sickle Darter and determined a mean home
range size. If there was overlap of home ranges between individuals, we
estimated the percentage of overlap (%) for each individual.
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Results
A total of 8 Sickle Darters were tagged on two different dates (09/27/2019
and (11/16/2019). At the Rock Creek site, 6 individuals were tagged, and 2
individuals were tagged at the upper Emory River site. The fish in Rock Creek
were electrofished and the ones in the upper Emory River were seined. On the
first tagging date, there was an initial tagging survival rate of 75% (4 total fish: 2
from Emory River, and 2 from Rock Creek). One fish died after being tagged, but
this fish was small in comparison to other PIT-tagged fish (56 mm) and showed
signs of stress immediately after capture and prior to tagging. On the second
date, there was an initial tagging survival rate of 100% (4 fish total, all from Rock
Creek). The mean (±SE) size of all PIT-tagged fish was 70 (±4.1) mm and 3.1
(±0.5) g.
We had a total of 10 tracking events (09/2019-03/2020). Our study was
cut short due to travel restrictions associated with the COVID-19 pandemic and
extreme discharge events that seemed to displace Sickle Darters outside of our
detectable range or cause mortality. In February of 2020, the Emory River
experienced a record flood event (2089.78 m3/sec at the USGS Gauge at
Oakdale, TN on 02/06/2020). Overall, Sickle Darter movement declined
throughout out the study (09/2019-03/2020; P-value = >0.01, Adj. R2=0.40; Fig.
3.2). Our detection of Sickle Darters also significantly declined throughout out the
study (P-value=˂0.01, Adj. R2=0.28 Fig. 3.3). However, this may have been a
result of the high-flow event that took place in February 2020. Our total effort
significantly increased throughout the study (P-value= ˂0.01, Adj. R2=0.76; Fig.
3.3). Like detection, this was likely caused by the high flow event. Unlike
detection and total effort, effort-per-detection remained constant throughout the
study (P-value=0.50, Adj. R2=0.41; Fig. 3.3. The frequency of Sickle Darter
movement downstream or upstream from its capture site was not significantly
different (P-value= 0.88; Fig. 3.4).
The environmental and microhabitat variables measured at each
geolocation for a detected fish remained constant throughout the study.
However, water temperature (֯C) significantly declined throughout the study (Pvalue= ˂0.01; Attachment 3.1; Att_4.xlsx). The watershed-scale environmental
variables varied widely. Mean daily temperature (֯C) significantly declined
throughout the study (P-value= ˂0.01, Adj. R2=0.37; Fig. 3.5). However, daily
temperature change (֯C) did not significantly change throughout the study (Pvalue= 0.13, Adj. R2=0.10; Fig. 3.5). Precipitation (cm) did significantly change
throughout the study also (P-value=<0.01, Adj. R2=0.55; Fig. 5c). Daily
photoperiod (hours; P-value= ˂0.01, Adj. R2=0.98; Fig. 3.5) and median daily
discharge (m3/sec; P-value=˂0.01, Adj. R2=0.37; Fig. 3.6) significantly changed
throughout the study. Sand and cobble were utilized the most frequently by
tagged Sickle Darters throughout the study (Fig. 3.7).
There was little variation in the relationship of environmental variables and
Sickle Darter movement between the three temporal scales. At the 1-day
temporal scale, the top 5 best sub-sets models included median daily discharge,
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precipitation, and daily temperature change, with the model including median
daily discharge being the best model (6.14 AICc; Attachment 3.2; Att_5.xlsx). At
the 3-day temporal scale, the top 5 best sub-sets models included median daily
discharge, daily temperature change, mean daily temperature, and precipitation,
with the model including median daily discharge being the best model (6.14 AICc;
Attachment 3.2; Att_5.xlsx). At the 7-day temporal scale, the top 5 best sub-sets
models included median daily discharge, daily temperature change, mean daily
temperature, and precipitation, with the model including median daily discharge
being the best model (8.39 AICc; Attachment 3.2; Att_5.xlsx) The top model from
each scale and response variable was retained for interpretation because they
met assumptions regarding least-squared regression analyses (Table 3.1). At the
1-day temporal scale, the median daily discharge was negatively associated with
Sickle Darter movement, but this relationship was not statistically significant (t = 1.88; P-value = 0.16). At the 7-day temporal scale, the median daily discharge
was negatively associated with Sickle Darter movement, but this relationship was
not statistically significant (t = -1.82; P-value = 0.14). At the 7-day temporal scale,
the median daily discharge was negatively associated with Sickle Darter
movement and was statistically significant (t = -6.51; P-value =<0.01).
Sickle Darter home range size varied individually (Fig. 3.8). Only PITtagged fish from Rock Creek (n=6) were considered for the home range
analyses. The median (min.-max.) size of home ranges was 157.5 (86.0-312.5)
m2. Home range overlap existed with every individual, but not with more than 2
individual home ranges. Degree of overlap between Sickle Darter home ranges
varied individually as well. The median (min.-max.) degree of overlap among all
individuals was 23.3 (6.2-34.0) %.

Discussion
PIT tagging of rare small-bodied fish, specifically Darters, is possible, and
yields a high PIT-tag retention and tagging-survival rate. This study outlines a
way to conduct movement studies on such cryptic species. We experienced a
low tagging-mortality (~14%), and tag loss (0%) throughout this study,
comparable to other PIT-tagging studies on darters (Baxter, 2015). Baxter (2015)
observed similar results with tagging-mortality (none reported) and tag loss (0%)
on the Kentucky Arrow Darter. Ideally, we would have retained individuals
outside of our actual study and monitored PIT-tag retention and mortality through
a pilot study, but due to the rareness (proposed for federal listing; USFWS, 2011)
of the Sickle Darter, we were unable to collect a large number of fish to support
such a study. Nonetheless, we did find that Sickle Darters ≥ 55 mm should be
PIT tagged. This is confirmed by Baxter (2015), who suggest that larger
individuals of a darter species should be PIT tagged. This leads to higher tag
survival and retention rates.
Sickle Darter movement varied temporally, but overall, they moved very
little spatially. Thus, it is likely that Sickle Darters exhibit high site fidelity,
especially during average to low discharge. Prior to this study, there was
anecdotal evidence suggesting that Sickle Darters in Little River (Tennessee,
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USA) move to deep pools during the winter months and to shallow gravel riffles
to spawn in the spring (Etnier & Starnes, 1993; J.R. Shute, personal
communication). However, the movement of Sickle Darters in the Emory River
system may be different compared that in the Little River. The Little River is
considered a small to medium-sized river, and it has a mosaic of riverine
features, such as complex riffles, runs, and pools. The upper Emory River
system, on the other hand, consists of short and few riffles with long shallow
pools and runs (<1 m deep). The riverine features of these two systems, and
amount of available habitat may influence the extent to which individuals from
these two fragmented populations move. Other studies on darter movement have
found variable results pertaining to the distance moved by darters (Roberts &
Angermeier, 2007; Roberts et al., 2008; Holt et al., 2013; Baxter, 2015; Hicks &
Servos, 2017). Roberts et al. (2008) found that the Roanoke Logperch, P. rex,
exhibited high site fidelity throughout their tagging study based on movement
between similar habitat types. Holt et al. (2013) and Hicks & Servos (2017) found
that the Brown Darter E. edwini and Rainbow Darter E. caeruleum, respectively,
exhibited high site fidelity throughout their tagging studies, i.e., movement to
similar habitat types. In contrast, the Blackbanded Darter, P. nigrofasciata, a
species more ecologically similar and phylogenetically closer to the Sickle Darter,
was found to move farther distances (~350 m) than what we report for the Sickle
Darter (Freeman, 1995). These differences may be due to the shifting sandy
bottom streams that Blackbanded Darters occupy in coastal plain ecoregions,
compared to Sickle Darters which are found in more interior mountain streams.
Baxter (2015) found that Kentucky Arrow Darters can move a large distance as
well, with some individuals moving up to 4 km. Thus, differences in movement of
darters are probably due to a multitude of factors, dependent on species and
location (i.e., stream type). Unfortunately, our study was cut short due record
flooding in the Emory River, which resulted in displacement of PIT-tagged
individuals outside of our detectable range or caused mortality due to the high
flow event. This prevented us from observing Sickle Darter movement during the
spawning season of this species (late February to early April; Etnier & Starnes,
1993). A new movement study should be completed to observe how this species
moves on an annual basis to encompass the spawning season and summer
months which we failed to observe in our study. Future studies should also
consider how the movement of this species potentially varies spatially. There are
three remaining viable populations of Sickle Darters that are fragmented by dams
and impoundments (Hecke & Alford 2021), in the upper Emory River sub-basin,
Little River sub-basin, and Middle Fork Holston River sub-basin. It is possible that
Sickle Darters move differently in these sub-basins due to each sub-basin’s
unique riverine features, size, and amount of available habitat (Ward, 1998).
Sickle Darter movement can be linked to changes in discharge. We found
that discharge, no matter the temporal scale, had a negative influence on Sickle
Darter movement. Sickle Darters appeared to move more in response to
variation in discharge, i.e., more peaks in discharge over a given time. However,
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we may have experienced modeling bias due to high Mallow’s Cp estimates for
some of our models, suggesting that we may not have considered the best
environmental variables for our models, which may be a product of our small
sample size. We may have also overfit some of our models due to low or
negative estimates of Mallow’s Cp, which may have influenced our interpretation
of model results. Albanese et al. (2004) found that flooding can strongly affect
the movement of stream fishes, which further supports our findings that Sickle
Darter movement is linked to discharge. Other studies on darter movement have
found that darter movement is more related to the amount of habitat available
and multiple environmental characteristics within a specific river (Roberts &
Angermeier, 2007; Roberts et al.2008). Mundahl & Ingersoll (1983) found that
seasonal (fall) movement was of the Johnny Darter E. nigrum and Fantail Darter
E. flabellare was driven by population density and quality of habitat. Baxter
(2015) found that there was very little seasonal effect on the movement on
Kentucky Arrow Darters. We observed a significant change in water temperature
in our study, but this variable was not a significant driver of Sickle Darter
movement. If we would have been able to carry out our study for a whole year as
originally planned, water temperature may have been a significant variable in the
movement of Sickle Darters. We were only able to observe Sickle Darter
movement during fall and winter, when water temperature may not be as variable
as during the spring season. Future studies should look at the potential
relationship of Sickle Darter movement throughout a complete seasonal cycle to
determine if water temperature plays a significant role in the movement of this
species.
Microhabitat utilized by Sickle Darters throughout this study remained
constant. Sickle Darters were found to inhabit the same substrate at each
detection site during each tracking event (i.e., sand and cobble). Other studies on
darter movement have found varying results. Skyfield et al. (2008) found sexlinked differences in microhabitat use by the Gilt Darter P. evides. We did not
distinguish between male and female individuals in our study. Future studies
should consider this component when looking at the movement of the Sickle
Darter. Holt et al. (2013) found that Brown Darters did not move to different
microhabitats, but rather moved to different areas of the river with the same
available microhabitats. Baxter (2015) also found that Kentucky Darters did not
move between microhabitats, but rather moved to different areas where the
preferred microhabitat was available. Freeman (1995) found that the
Blackbanded Darter moved across different habitats to reach a desired
microhabitat. The section of Rock Creek where we observed Sickle Darter
movement is not comprised of a mosaic of habitats, and habitat is homogenous,
consisting primarily of cobble and sand substrates and shallow pools. As
mentioned earlier, future studies should look at the potential difference in
movement of Sickle Darter in another sub-basin, such as the Little River subbasin, which is comprised of a highly diverse array of habitats. Sickle Darters
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may move greater distances in Little River compared to the Emory River to find
suitable microhabitats.
Sickle Darter home ranges are relatively small compared to many other
freshwater fish species (Minns, 1995). There have been very few home range
studies on darters, but home range of small stream fishes appears to be
restricted (Gerking, 1953; Winn, 1958; Hill & Grossman, 1987; Rakocinski, 1988;
Freeman, 1995; Minns, 1995; Hicks & Servos, 2017). Hicks & Servos (2017)
found the Rainbow Darter E. caeruleum had a small home range (median = 5 m)
and remained in the same riffle in which they were tagged. This is similar to what
we found with the Sickle Darter (small home range); however, Rainbow Darters
had a much smaller median home range (5 m) and tend to inhabit riffle/run
habitats which are generally smaller and more restricted compared to pools in
the riverine landscape. Winn (1958) estimated the food, reproductive, and
escape range (all of which comprise the home range) for 10 species of darters in
rivers and reservoirs, where they found that home range was relatively small (˂ 5
m) for each of the species. However, these estimates of home range were based
on visual observations, because no tagging or mark-recapture study was
conducted to quantitatively determine home range. Scalet (1973) found that
Orangebelly Darters E. radiosum appear to have a small range but did not
estimate actual size of this species’ home range. Compared to other benthic-like
species, the European Sculpin C. cobio (45-m2 home range) and the Banded
Sculpin C. carolinae (47 m2), the home range of the Sickle Darter is relatively
similar (Greenberg & Holtzman, 1987; Downhower et al., 1990; Minns, 1995).
This study outlines a method to estimate the home range of darters and other
rare, benthic, and small-bodied fish species. Future research should consider
how Sickle Darter home ranges vary from sub-basin to sub-basin, such as the
upper Emory River compared to the Little River population.
There is an interesting relationship with hydrology and the Sickle Darter.
Future research should explore these relationships by assessing this species’
critical swimming speed in the presence and absence of refugia (habitat
complexity; Scott & Magoulick, 2008). This will help researchers understand what
happens to the Sickle Darter during high flow events. Further, this will also help
researchers understand the functional organization of this species within the fish
assemblage (Poff & Allan, 1995). With a more variable environment (more
frequent high flow events) being inevitable due to climate change, understanding
the hydrologic and climatic factors that negatively affect populations of Sickle
Darters will be key to the preservation of this rare fish (Ficke et al., 2007; Hecke
& Alford 2021). Future research should consider the movement of Sickle Darters
on a smaller temporal scale. We only assessed Sickle Darter movement every ~2
weeks between tracking events, and this may have caused us to underestimate
how much Sickle Darters move. Future movement studies based on PIT tagging,
should consider using flatbed (streambed) arrays to detect PIT-tagged fish, and
this would allow for fine scale (daily) and more estimates of Sickle Darter
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movement, rather than the portable antenna that we used in this present study
(Johnston et al., 2009).
Our study provides further knowledge to the understanding of Sickle
Darters. Adding to our knowledge base of Sickle Darters will be important for the
future of this species as it was proposed federal listing under the U.S.
Endangered Species Act (US, 1973; TWRA, 2015; VDWR, 2015; USFWS,
2011). This species is considered an imperiled species due to anthropogenic
factors in the upper Tennessee River basin, particularly habitat fragmentation
from dams and other environmental disturbances (Hampson et al., 2002; Jelks et
al,.2008; Angermeier & Pinder, 2015; Hecke and Alford 2021). This study
developed further research questions for this species which should be addressed
when considering how to preserve this species. However, our study found that
Sickle Darters do not move spatially and have a high site fidelity. This is likely to
prevent them from recolonizing habitat that become reconnected due to dam
removal and improved/mitigated river operations.
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Appendix

Fig. 3.1 The Emory River sub-basin. The black circles signify the two tagging
locations used in this study.
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Fig. 3.2 The mean (±SE) movement (m) of PIT-tagged Sickle Darters during
each tracking event throughout the study. Black lines are mean movement
estimates throughout the study, dashed black lines are estimates of standard
error associated with the estimates of mean movement.
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Fig. 3.3 Estimates of detection (A; 0-1), total effort (B; min), and catch-perdetection (C; min/fish) of PIT-tagged Sickle Darters during each tracking event
throughout the study.
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Fig. 3.4 The frequency of movement upstream (positive) and downstream
(negative) by PIT-tagged Sickle Darters throughout the study.
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Fig. 3.5. The estimates for the landscape variables mean (±SE) daily water
temperature (֯C; A), daily temperature change (֯C; B), total precipitation (cm; C),
and Log10photoperiod (hours; D) observed throughout the study.
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Fig. 3.6 The median daily discharge (cm3/sec) observed throughout the study. (*
signifies the date the Emory River sub-basin experienced a record flood of
2089.78 m3/sec on 02/06/2020 at the Emory River-Oakdale, TN USGS Stream
Gauge).
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Fig. 3.7 Estimates of the total frequency of substrates during each of the 8tracking periods.
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Table 3.1 Analysis of variance results for best subsets MLR for movement by
the Sickle Darter across 3 temporal scales (1-day, 3-day, 7-day). Results
shown are for the best model from Table 3. Root MSE = root mean square
error, Stand. Bi = standardized beta coefficient, VIF = variance inflation factor.
The +/- sign for t-value indicates the direction of the association between the
environmental covariate and distance of stream occupied. Discharge =median
discharge.
tPStand.
Models: Temporal Scale
Variable
value value Bi.
VIF
1-day
Root MSE=2.36
Intercept

2.72

0.05

0.00

0.00

Discharge -1.82

0.14

-1.08

3.44

Intercept

0.56

0.00

0.00

Discharge -1.88

0.16

-1.11

2.65

Intercept

0.140

0.00

0.00

<0.01

-1.44

2.51

3-day
Root MSE=7.21
0.66

7-day
Root MSE=1.09
2.01

Discharge -6.51
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Fig. 3.8 The home range estimates for the 6 PIT-tagged fish from the Rock
Creek site. Each fish’s home range displays the 90% core range and 50% core
range.
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CONCLUSION
This dissertation answers many of the research questions associated with
the Sickle Darter. Sickle Darters have declined across their historical range and
the decline is a result of habitat fragmentation/destruction due to damming. This
dissertation was the first study to predict the probability of suitable habitat across
their range, which varies spatially. Sickle Darters move very little and have a
small home range. Sickle Darter movement is related to discharge. This
dissertation also developed many new research questions for this species. The
data outlined in this dissertation could be used to inform monitoring for this
species and future conservation efforts for this species. This rare species is in
need of conservation efforts to ensure it is preserved for future.
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